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The subject of this thesis is the utilization of waste materials through a geotechnical stabilization
method from the standpoint of environmental geotechnology. The present state of waste
generation is such that a vast amount of materials are being consumed by the construction
industry, while waste disposal sites are quite limited. It is vital, therefore, that more types of
waste materials be recycled in order to properly utilize resources and preserve the environment
A closed system of material flow should be established so that the concept of "sustainable
development" can be achieved. To promote geotechnical waste utilization, the possibility of
creating a positive environment by geotechnical waste utilization is proposed through
experimental and analytical studies. Negative influences on the environment by the reuse of
waste materials for geotechnical engineering and possibilities for controlling them are also
studied.
In the fIrst stage of this research, a stabilization method for geotechnical waste utilization is
evaluated with ash, slag and sludge wastes. Strength-developing characteristics, durability,
hardening mechanisms and leachate characteristics are tested on fluidized bed combustion coal
fly ash, stainless-steel slag, and municipal solid waste incinerated fly ash. Experimental studies
clarify that the coal fly ash and the stainless-slag can be used as geotechnical materials for
embankments, subgrade, and other similar applications. As for the stabilization of municipal
solid waste incinerated fly ash, the multiple use of cement and coal fly ash as a stabilizer can
bring about strength development, high soaking durability, and the containment of heavy metals.
The method can therefore be effective for environrnentallandfilling.
The stabilization and utilization of waste sludge discharged from construction sites are also
discussed. The effects of hardening agents on sludge stabilization are clarified, and the
hardening mechanisms of sludge stabilization are discussed from the viewpoint of the fonnation
of hydrated products. A system which utilizes waste slurry and involves dehydration or
solidification is proposed. It was found that the density (p) and the funnel viscosity (11) of waste
slurry can be used effectively as indexes for judging whether a slurry would best be treated by
dehydration or by solidifIcation for recycling purposes.
In the second stage of this research, the possibility for negative and positive environmental
influences is discussed.
A new technical method, the "Bagged WRP Method," makes use of waste rock powder
(WRP) and is proposed from the standpoint of waste utilization and environmental mitigation.
Bagged and hardened mixtures are both light in weight and high in strength, and no remarkable
changes in the environmental quality of the cured water are observed. A stability analysis
clarifies that bagged WRP is more advantageous to the construction of sunken levees than rock
or concrete l>locks because of its light weight It not only has an effect on sunken levees
applications, but extends the applicability of levee construction itself and accompanies man-
made tidal flat construction for environmental mitigation or creation.
The environmental impact caused by the geotechnical recycling of surplus soil, stabilized
by cement, is discussed. The characteristics of alkali migration from stabilized soil are evaluated
and the importance of the soil's alkaline neutralization ability for a fIltration layer is emphasized.
The design concept for alkaline migration control is proposed for its application to embankments.
One must not only consider the neutralization ability of the filtration soil, but also the
permeability of the materials and the geometric dimensions of the earthen structures. In
conclusion, efforts made to prevent seepage water from passing through the stabilized layer will
curb the negative impact on the environment due to geotechnical waste utilization.
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Rapid industrialization and urbanization in recent decades have caused serious environmental
problems. In particular, environmental pollution due to the generation and management of waste
materials has become one of the most emergent problems to which the human being should fmd
a solution. A wide spectrum of materials, regarded as waste, are being discharged in large
quantities throughout the world. The disposal and dumping of such waste causes the goo-
environmental contamination of both soil and groundwater and results in the lack of space for
waste disposal.
In order to mitigate these environmental problems related to waste management, much
research has been perfonned to help prevent the generation of waste, to reduce the volume of
waste being disposed of, to recycle and reuse waste materials, and to turn hazardous waste into
non-hazardous waste by an intennediate treatment process. Geotechnical engineering is
expected to playa particularly important role in the above goals, and thus, a new field called
"environmental gootechnology" has been born.
In recent decades, the recycling and reuse of various wastes as goo-materials have been
aggressively researched in Japan using ground improvement and soil stabilization techniques in
the field of environmental geotechnology. This type of research is very important due to national
conditions. In other words, the population in Japan is high and industrial activities are basically
concentrated in certain areas to a large degree. Only a limited amount of space on a narrow piece
of land and a small amount of natural resources are available. Consequently, various types of
waste materials have been generated in large quantities, and many of them are not being utilized
but merely disposed of at the limited disposal sites which will be exhausted in the near future. It
is estimated that the disposal areas which are now being employed will be completely filled with
municipal waste in 8 years and industrial waste in 1.5 years, respectively. Therefore, to reuse
the wastes as construction materials, such as goo-materials, can be an effective alternative
scheme in tenns of saving natural resources and reducing the volume of waste to be disposed of.
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From the 1960s to the 1970s, the geotechnical practice of waste utilization was limited to
materials possessing positive properties for use as construction materials, such as coal ash and
iron slag, which have hardening characteristics. Considering the present state of waste
generation in Japan, a large amount of materials are consumed by the construction industry,
while disposal sites for dumping waste are quite limited and the contamination of numerous
sites existing due to hazardous waste dumping has been detected. From the viewpoint of
resource utilization and environmental preservation, therefore, it is vital that many more types of
waste materials be recycled. A closed system of material flow should be established in order to
realize the concept of "sustainable development."
Positive and negative impacts on the environment caused by geotechnical waste utilization
should be satisfactorily investigated and discussed as the waste may be filled inion the ground in
large quantities as a result of the promotion of geotechnical waste utilization. If geotechnical
waste utilization can not only prevent a negative environmental impact but also have a positive
effect on the environment and its preservation, that will become our actual strategy. Therefore,
"value added" is an important concept for the promotion of waste utilization. Incidentally,
environmental influences due to the geotechnical reuse of waste materials should be taken into
accounl A concept and some methods for evaluating and controlling influences on the
environment are required for establishing the geotechnical reuse of waste.
In this study, the utilization of waste materials through the geotechnical stabilization
method is evaluated in terms of environmental geoteehnology. To promote geotechnical waste
utilization, the possibility of creating a positive environment by geotechnical waste utilization is
proposed through experimental and analytical studies. Negative environmental effects and their
conttol through waste reuse for geotechnical engineering are also studied.
1.2 Literature Review
1.2.1 Waste Generation and Governmental Regulations
The generation and management of waste materials are strongly affected by the technical and the
non-technical conditions of the country, namely, natural resource production, available land area,
population, politics, economy, and the consensus of the citizens. In the United States of
America, research efforts to establish a design method for a waste containment system and the
remedial technology of contaminated sites have been positively performed in the field of
geotechnical engineering since the 1970s. This is because geo-environmental contamination due
to leakage from a waste landfill and the dumping of toxic chemicals, such as a contaminated site
in the state of New York called the Love Canal, was widely publicized and caused an uproar in
1978. An important process then stemmed from promulgation by the US Congress in 1980 of
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Fig. 1.1. Material Balance in Japan (1987).
which became commonly referred. to as "Superfund." Many geotechnical engineers are actively
engaged. in investigating, designing, and actually working on landfill construction and
remediation of contaminated sites. In European countries where the land area is limited and the
population is relatively high, volume reduction and the utilization of waste or by-products have
been a concern as well as waste containment landfill designs and contaminant remediation.
Conditions in Japan are probably similar to those in Europe. The material balance in Japan for
1987 is shown in Fig. 1.1 which exhibits the large amount of natural resources, both domestic
and foreign being invested and the limited amount of waste recycling. However, the possibility
of merely disposing this waste will be unfeasible in the near future because of the limited land
space. To reduce the waste volume, research and development on incineration treatment and
recycling methods are being conducted.
According to their origin, waste materials can be roughly classified into industrial,
municipal, mining, and nuclear wastes. Their generation and state of management can differ
according to the conditions of each country. Therefore, the management of industrial and
municipal wastes is a field of world-wide importance.
In Japan, waste management has been prescribed by the Waste Disposal and Public
Cleansing Law (WDPCL) which was established. in 1967 and then revised in 1992. The law
stated that waste materials can be classified into industrial and municipal wastes, as shown in
Fig. 1. 2. The generation of these wastes is enormous; industrial and municipal wastes are
discharged at an annual rate of 350,000 Gg and 50,000 Gg, respectively, about half of which
are reused for various purposes related. to technological developments.
Legislation on waste management and environmental regulations has been revised in recent




Fig. 1.2. Classification of wastes and by-products in Japanese legislation.
The Public Nuisance Countenneasures Basic Law (PNCBL) was the basis for environmental
regulations. However, it was only prescribed for environmental protection from public nuisance.
The PNCBL was replaced by the Environmental Basic Law (EBL) in 1994. The EBL aims at
establishing social responsibility that would both reduce the burden on the environment and
promote the concept of sustainable development The Waste Disposal and Public Cleansing Law
(WDPCL) was fundamentally revised in 1992 in order to procure a better public health by
means of a reduction in waste generation and proper waste treatment However, certain
problems still remain with waste utilization. For example, once a material is regarded as waste,
it must continue to be referred to as waste, even if it has been improved for recycling.
The Law for the Promotion of Utilization of Recyclable Resources (LPURR) was
established in 1991. It aims at the sound development of the state of the economy by means of
securing the effective use of limited resources and promoting the use of reclaimed resources.
This law specifies Designated By-Products (shown in Table 1.1), Specified Industries (paper
industry, glassware manufacturing, construction), and Designated. Manufactured Goods
(automobiles, air-conditioners, TV-sets, refrigerators, washing machines, cans) because these
by-prcxlucts, or goods from these industries, should be reused in order to save limited
resources.
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Fig. 1.3. Waste generation ratio from industries.
(Fiscal Year 1985, Total Generation: 312.3 Tg)
Table 1.2 Present state of by-product generation (1993)
Type of by-product Generation Recycle Reduction Disposal
(%) (%) (%)
Surolus soil 43.7X 108 m3 47 - 53
Waste sludge 1.5 X 107 t 2 6 92
Waste concrete 2.6X 107 t 67 - 33
Asphalt-concrete mixture 2.2X 107 t 78 - 22
Mixed by-product O.7X1Q7 t 6 9 85
Waste wood O.8X107 t 26 14 60
Total waste 7.6XI07 t 48 3 49
The construction industry strongly affects waste generation and management Notonly are
large amounts of materials being discharged by the construction industry, namely, waste
concrete mass, waste asphalt mass, waste sludge, and excavated surplus soil, but also natural
resources are being used up for construction purposes in large quantities, as shown in Fig. 1.1.
Figure 1.3 indicates that the waste discharged from construction works adds up to about 20 %
of the total generation of industrial waste. Surplus soil is not included because by law it is not
regarded as waste. The by-products generated by the construction industry are listed in Table
1.2. The generation of surplus soil is estimated at 44,000,000 m3 per year. Surplus soil should
be reused because it exists in the natural ground. Surplus soil is legally regarded as a Designated
By-Product, and a Technical Manual for the Utilization of Surplus Soil was established in 1994
in order to promote the recycling of such by-products. Other construction wastes or by-products
should also be reused to reduce the volume being disposed of. In particular, an effort to utilize
waste sludge is strongly needed as its recycling ratio is still low.
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1. 2. 2 Fundamentals of Environmental Geotechnology and Geotechnical Waste
Utilization
The early roots of environmental geotechnology can be traced to the Specialty Session on
"Geotechnical Engineering and Environmental Control" held at the 9th International Conference
on Soil 11echanics and Foundation Engineering (ICSMFE) in 1979. From the 1950s to the
1970s, environmental problems related to geotechnical engineering were publicized. They were
limited, however, to problems related to public nuisance caused. by uncontrolled. industrial
activities, such as ground subsidence due to groundwater drawing, air and water pollution, or
noise and vibrations caused. by uncontrolled construction works. The discussion at the above-
mentioned session focused on (1) the role of geotechnical engineering in the protection of the
environmental quality, and (2) the geotechnical aspects of environmental protection (Moh 1978).
At the 10th ICSMFE held in 1981, Sembenelli and Ueshita (1981) emphasized the importance
of establishing the field of environmental geotechnology, succeeding the fruits of the session of
the 9th ICSMFE. The purpose of environmental geotechnology is not only to cope with the
negative environmental impact which is already in existence, but also to predict future problems
and deal with them positively so as to contribute to environmental control.
In recent years, many research projects in the field of environmental geotechnology have
been performed and conferences have been held. Kamon (1992) explained. that the three main
groups of research themes in the area of environmental geotechnology are the creation of a better
environment, the prevention of environmental risks to human activities, and the prevention of
danger to human life caused by natural hazards. Problems which relate to waste materials,
namely, the reusing of reclaimed land with waste and/or the utilization and recycling of waste,
are among the very most important subjects. Topics associated with cleaning up a ground which
has been contaminated by toxic waste and safe designs for landfill and geotechnical waste
utilization have been the major themes at conferences held in recent years, such as those
organized by Fang (1986), Usmen and Acar (1992), JSSMFE (1994), Carrier III (1994), and
Acar and Daniel (1995). Important information on waste management technology has been
summarized from the standpoint of environmental geotechnology by Daniel (1993) and Rowe et
aI. (1995).
The utilization of waste materials for geotechnical engineering is one of the major subjects
in environmental geotechnology. While waste materials should be classified. by the processes of
the generating industries, they need to be understood based on their career and related
characteristics. For example, waste materials are divided into three groups for the treatment
process, namely, waste generated from incineration or melting (coal ash, iron slag, and
incinerated ash), inorganic waste generated by crush (waste concrete powder and waste rock
powder), and organic or inorganic waste generated as-is without any treatment (waste sludge,
waste oil, waste plastics, and waste tires). Residue is always generated by incineration or
melting which results from thermal power generation, iron and steel refming, or the incineration
6
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Table 1.3 Present grade of utilization of various wastes.
Ccmcnl malerial Road mlleriol Soil mlleria!
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1) Grade of utilizalion - 1: utilized, 2: confmned for utilization, 3: can be considered for utilization, and 4: can not be considered for utilization.
2) Merit for utilization - AI: permeability, A2: light weight, A3: flow ability, BI: hydration characteristics, B2: baking characterislics, and B3: containing oil.
3) Demerit for Lreaunent utilization· H: comaining heavy melals, D: containing dioxin, U: containing unburned carbon, C: chemical durability,
G: production of gas or smell, S: soft condition, and E: expansion characteristics.
treatment of waste sludge and municipal waste. The characteristics of these wastes depend on
their raw materials, the incineration temperanrre and time, and the type of boiler system. They
are classified roughly into fly ash, bottom ash, and slag. The second group of wastes are
generated in large quantities from construction works. The wastes categorized in the first and
second groups are thought to be stabilized by compaction or chemical hardening, and then
utilized as road or embankment materials according to their stabilization effect. The last group of
wastes contains waste sludge, waste oil, waste plastics, and so on. The treatment of these
wastes is very difficult for various technical and economical reasons.
Many cases of waste utilization have been researched and developed, and are summarized
in Table 1.3. The geotechnical uses include reclamation, embankments, subgrade, base course,
and other similar applications. When contemplating waste utilization, it is important to grasp the
waste characteristics and the generating conditions. The waste characteristics include whether
the waste materials are inorganic or organic and whether they contain toxic substances or not.
Generating conditions mean when, where, and what amount of waste materials are being
generated. As shown in Table 1.3, some kinds of wastes, such as pulverized coal fly ash and
blast furnace slag, have already been applied to construction works, including geotechnical
engineering. However, many types of waste materials can not be practically reused in
construction works and research efforts on the utilization of them are therefore encouraged.
Environmental influences due to waste utilization in construction engineering are an
important concern. Research on the environmental impact caused by waste utilization has been
limited. In addition, the possibility for creating a better environment based on waste usage has
not yet been satisfactorily addressed. New concepts and methods to evaluate and control the
possibility of negative and positive environmental influences are needed.
1.3 Objectives and Contents of the Thesis
The objectives of this study are to demonstrate the possibility of stabilizing and utilizing certain
types of waste materials and to evaluate the positive and negative influences of geotechnical
waste utilization on the environment.
In terms of waste management, in particular waste disposal, it is strongly required to
reduce the volume of waste, and the addition of other materials to waste is not recommended.
From the standpoint of waste utilization, however, the addition of stabilizers or other chemicals
has an effect on efficient and reliable treatment Therefore, the chemical stabilization by using
the additives is considered essential. In this study, some types of materials, namely, cement,
Carbonated-Aluminate Salt (CAS), and even certain types of waste materials, are used in order
to stabilize the waste materials. The CAS, a newly developed material, is a cement-based
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Fig. 1.4 Contents and flow of this study
based on the mixing ratio. It has been shown that CAS is effective as a hardening material for
soft clays or waste materials (Kamon et aI. 1989; Tomohisa 1989; Nontananandh 1990).
The thesis is divided into 6 chapters. The constitution of the thesis is shown in Fig. 1.4.
Materials used and approach applied in this study are listed in Table 1.4. In the experimental
study, the unconfmed compressive strength is mainly used for the index to evaluate the effect of
stabilization, while durability characteristics, hardening mechanisms, and environmental impacts
are also discussed.
In this chapter, the objectives and the contents of the thesis are clarified and general
background information on this research is presented
Chapter 2 discusses the effectiveness of the stabilization and utilization of ash and slag
materials, namely, fluidized bed combustion coal fly ash (FeA), stainless-steel slag (S-Slag),
and municipal solid waste incinerated fly ash (MSW fly ash). These materials are created by
9
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industrial activities and discharged. It has recently become necessary to stabilize and recycle
them properly. The application of such wastes for geotechnical purposes, based on the ground
improvement technique, is proposed through assessing strength development, durability, and
leaching characteristics.
In Chapter 3, the treatment of sludge which is discharged from construction works is
discussed for utilization purposes, After a brief summary of the present state of regulatory
requirements and treatment methods, the cement stabilization method is evaluated through an
assessment of the strength development mechanism, the durability, and the environmental
impact. The author also proposes a treatment system for slurry from construction sites which
consists of two methods, namely, dehydration and solidification. This system is expected to
bring about efficient treannent, a decrease in volume, stabilization, and recycling.
Discussions in Chapters 4 and 5 are based on the knowledge obtained in Chapters 2 and 3.
In Chapter 4, a new technical method referred to as the "Bagged WRP Method" is
proposed. The method utilizes a by-product, waste rock powder (WRP) and promotes waste
utilization as well as environmental mitigation. In this method, woven or non-woven fabric bags
are filled with a dry mixture of WRP and hardening agents and are solidified by soaking. This
procedure will not only further geotechnical waste utilization, but will also improve the quality
of the environment due to the construction of man-made tidal flats behind sunken levees.
10
Chapter 5 deals with the environmental impact caused by the geotechnical recycling of
surplus soil stabilized by cement. The mechanisms of alkaline leachate from stabilized. soil and
the neutralization ability of the soil for a cover or a ftltration layer is discussed, and a design
concept for alkaline migration control is proposed. The minimum thickness of a ftltration layer
for a stabilized-soil embankment is estimated through experiments and a parametric analysis.
In Chapter 6, conclusions and future scope are presented.
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CHAPTER 2
Stabilization and Utilization of
Fly Ash and Slag Materials
2.1 General Remarks
Thermal treattnent is one of the most effective processes that has been discovered by man for
various purposes. In some cases, the incineration method is used to generate energy and a
power supply, such as by thermal power generation. The melting process is also important in
that it makes raw natural resources useful, for example, iron and steel refming. In order to
sanitate and reduce the useless or unwanted materials that are discharged throughout daily and
industrial activities, the incineration technique can also be applied. Incineration plays an
important role in waste management, and there are many incineration plants for the intermediate
treattnent of waste materials in Japan.
The generation of residue, therefore, is not negligible due to the treatment.methods of
incineration or melting which result in thermal power generation, iron and steel refming works,
or the incineration treatment of industrial and municipal wastes. The characteristics of these
types of waste materials depend on their original materials (raw coal, raw iron are, or wastes) as
well as the incineration parameters (incineration temperature, amount of air injected into the
furnace, degree of turbulence, and time period). The kinds of residue generated. are roughly
classified into (1) fly ash collected from fuel gas, (2) bottom ash left at the bottom of boilers,
and (3) slag produced by melting. Their generation comprises a major part of all waste
generation. The stabilization and utilization of these waste materials are necessary from an
environmental point of view.
Much research has been conducted on the possible application of these types of waste
residue as construction materials because of the positive properties of the materials. In particular,
the reuse of pozwlanic waste, generated. by incineration or melting, as a gee-material or
concrete material has been suggested.. Typical materials in this group are coal ash and steel slag,
etc. (e.g. Gidley et al. 1984; Mehta, 1989; Kamon et al. 1991). Representative examples of this
application are cement concrete which contains coal fly ash or burst furnace slag and the soil
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stabilization method using mixtures of lime and fly ash. Considering the present state of waste
generation in Japan, a large amount of materials are consumed by the construction industry,
while disposal sites for the waste this industry produces are quite limited, and the contamination
of numerous sites due to hazardous waste dumping has been detected. Therefore, the
development of recycling and stabilizing methods for many more kinds of waste materials is
needed from the standpoint of resource utilization and environmental preservation as well as for
the purpose of noticing the positive properties of materials. A closed system for resources and
material flow should be established for the sake of sustainable development
Solidification is considered to be an effective option for waste stabilization and utilization
(Kamon et aI. 1991; Means et aI. 1995). Some kinds of waste can be solidified with cement or
lime, while others can be hardened only by compaction without hardening agents, such as
pulverized coal fly ash and blast furnace slag. However, there are some types of steel slag and
MSW (municipaI solid waste) incineration fly ash which are difficult to solidify by conventional
methods of cement stabilization because of their expansive or soluble characteristics
(Kuwayama et aI. 1992; Kamon et al. 1994). In addition to the development of a stabilization
method, the environmental impact caused by waste utilization by solidification, such as
groundwater contamination after construction or dust distribution during construction should be
addressed.
In this chapter, the effectiveness of stabilizing and utilizing three waste materials, namely,
fluidized bed combustion coal fly ash (PCA), stainless-steel slag (S-slag) and municipal solid
waste incinerated fly ash (MSW fly ash), will be discussed. In recent years, stabilizing and
recycling these waste materials have become imperative. The following section 2.2 summarizes
the present states on the generation and management of these materials. The utilization of FCA,
based on ground improvement techniques, will be discussed in Section 2.3, and an
investigation of the basic properties of FCA, an evaluation of the Non-Dusty Method for the
promotion of FCA utilization, and an application to soft ground improvement are included.
Section 2.4 will illustrate the effective utilization of S-slag when stabilized with one kind of
cement-based stabilizer (Carbonated-Aluminate Salt; CAS). Its subsequent application as a road
material will then be discussed through experimental works on strength and durability. The
solidification and stabilization of MSW fly ash will be described in Section 2.5, in which the
stabilization method using cement and FCA is proposed in tenTIS of strength development,
durability and the prevention of heavy metal leachate.
2.2 Generation and Management of the Presented Materials
2.2.1 Coal Fly Ash from Fluidized Bed Combustion Systems
Fluidized bed combustion coal fly ash (PCA) is a by-product of the thermal power generation
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8below 500 tJh a 7 1
500-1000 t/h a 22 a 22
1000-2000 t/h a 10 a 10
above 2000 t/h a 4 0 8
total a 43 1 44
Other industry
below 50 tJh 15 a 6 21
50-100 t/h 7 14 9 30
above 100 t/h 2 41 4 47
total 24 55 19 98
industry. The conservation of our energy supply is one of the most important priorities because
of the lack of natural resources in Japan. The use of thennal electric power generators to
stabilize the energy supply has increased in recent years. In particular, the use of thennal power
generators which employ the fluidized bed combustion system is spreading widely as an
independent means of electrical power generation in chemical industries and in iron and steel
manufacturing plants due to the many advantages this system provides, as shown in Table 2.1
(Hosoda 1994). Such advantages include the efficiency of operating on the small scale
necessary for independent power generation, causing less air pollution than conventional
methods, such as the pulverized coal combustion system, and its ability to accept various
qualities of raw coal for combustion. Recently, some electric supply companies have also been
planing to construct fluidized bed combustion systems for thennal power generation facilities.
Consequently, FCA generated as a by-product by fluidized bed combustion boilers, the
production of which is currently only about 600 Gg per year in Japan, will increase markedly.
The present situation which entails most of the FCA being disposed of rather than being utilized
leaves much room for improvement
The use of pulverized coal fly ash has been proposed and realized for civil engineering
purposes, such as for concrete, soil stabilization, backfilling, and the making of bricks (e. g.,
Toth et al. 1988; Mehta 1989; Janardhanam et al. 1992; Joshi et al. 1992; Kawasaki et al. 1992;
Horiuchi et al. 1995). Despite these advances in the utilization of pulverized coal ash, most FCA
produced at present is not being used but is simply being disposed of. One reason for this
disposal is that the characteristics of FCA differ from those of the coal ash ordinarily utilized,
such as pulverized coal fly ash. Due to the combustion by which it is produced, FCA contains
large amounts of unburned carbon, lime, and gypsum. The latter two components, however,
are thought to contribute to the hardening reaction in solidification. Therefore, it has been
proposed that a greater amount of FCA be applied as road subgrade or subbase material (Ohora
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et aL 1990; Shinano 1991; Nishi et al. 1994; Behr-Andres and Hutzler 1994; Hosoda 1994;
Rogbeck and Elander 1994; Pandey et al. 1995). For recycling purposes, the utilization of FCA
to stabilize large quantities of waste slurry/sludge and surplus soils, generated from foundation
or excavation works, has been reported (Kamon and Katsumi, 1994). As the fly ash can adsorb
and contain hannful chemicals, such as heavy metals and organic or acid compounds, its
application to liner materials for waste disposal facilities has been evaluated (Edil et al. 1992;
Fujiwara et aL 1992; Wright ill and Shackelford 1995). The engineering properties required for
application should be clarified further, and an effective strategy is needed to realize and promote
FeA utilization.
2.2.2 Stainless-Steel Slag (S-Slag)
Stainless-steel slag (S-slag) is the electric furnace slag discharged from the steel making process.
The generation of all types of slag from the metallurgical industry has reached some 40,000 Gg
per year, more than 85% of which is reused as road material, cement material, fertilizer, pottery
material, and soil stabilizers. Slag can be classified as blast furnace slag, converter furnace slag
or electric furnace slag. Blast furnace slag and converter furnace slag are produced through a
process in which iron ore is made into iron, and electric furnace slag is generated from the steel
making process which uses scrap iron as the main raw material. While the production of blast
furnace slag and converter furnace slag has decreased in recent years, the generation of electric
furnace slag is on the rise. The characteristics of electric furnace slag vary according to the
method of production; for example, some types of steel are made in electric furnaces, e. g.,
carbon steel, stainless stee~ nickel steel, etc. The trouble with this material is that electric
furnace slag is efflorescent and has expansion characteristics like the converter furnace slag
(Kuwayama et al. 1988). Most of this slag production (2500 Gg per year), therefore, is merely
disposed of in reclamation areas.
While there is widespread use of blast furnace slag for cement and concrete materials, the
reuse of converter slag and electric furnace slag for the construction industry has not become
popular. A manual for the utilization of these types of slag has been produced by the Sreel Slag
Association, Japan (1985), although research on electric furnace slag has been very limited.
Kuwayama et al. (1990 and 1992) clarified the basic properties of slag for utilization purposes.
Electric furnace slag is classified into two categories, namely, oxidizing slag and reducing slag,
depending on the production process. Oxidizing slag is produced in the process to eliminate
porosity and the impervious composition of molten steel by oxidizing, while reducing slag is
produced in the process to eliminate the oxygen in molten steel and to adjust the steel
composition. It was clarified that oxidizing slag has similar expansion characteristics to those of
converter slag. It is believed these two kinds of slag expand by an increase in volume associated
with the hydration of free lime. Slag with the expansion characteristics eliminated by aging can
be utilized as construction material (Kuwayarna et al. 1992). Reducing slag forms products by
hydration, such as calcium silicate hydrate (CaO' SiOz.HzO; CSH) and hydrated gehlenite (Cao-
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~03 .Si02 . H2O; CASH), in the long run. Thus, it not only exhibits hydraulic properties, but
also continues to increase in volume (Kuwayama et aI. 1992). The contribution of S-slag to the
strength development of dredged sludge was clarified, however, and the potential utilization of
S-slag as an additive to soil stabilizers was presented (Kamon and Nontananandh 1990).
Unfortunately, reducing slag is still mostly disposed of because its properties, such as
hardening and expansion, have not yet been quantified.
2.2.3 Municipal Solid Waste Incinerated Fly Ash (MSW Fly Ash)
Municipal solid wastes (MSW) are usually incinerated by the intermediate treatment facilities of
local governments in Japan. Consequently, about 6000 Gg of bottom ash and fly ash are
discharged from incinerators annually and most of them are disposed of in landfill sites. Since
incineration can cause harmful elements and toxic substances to be concentrated and
compounded, respectively, most of them remain in the MSW fly ash and the fly ash must be
carefully treated prior to its disposal to prevent environmental pollution. In the present system of
incinerators in Japan, the MSW fly ash is mixed with the bottom ash, which is less harmful.
Then it is collected from incinerators and is disposed of. Under the Waste Disposal and Public
Cleaning Law revised in 1992, however, newly constructed incinerators are required to be
facilities where fly ash can be collected separately from bottom ash, and prior to the disposal,
the fly ash must be treated by a method of melting, cement hardening, the addition of a chemical
agent, or extraction. In terms of the containment of harmful chemicals and volume reduction,
the melting method is considered to be the most effective option available. However, the method
cannot achieve resource recovery in spite of its demand for high cost and energy (Hiraoka and
Sakai 1994; Kokado 1994). Solidification by cement hardening has been thought of as another
recommended method (Shimaoka and Hanashima 1994). In the case of solidification, the
government requires that the cement mixing ratio be more than 150 kg/m3 and the compressive
strength be higher than 10 kgf/cm2 (= 980 kPa).
Research has been carried out on the geotechnical utilization of MSW bottom ash (e. g. ,
Maher et al. 1992; Hartlen 1994). Research on the utilization of MSW fly ash as a construction
material has been conducted recently in the US and Europe (Triano and Frantz 1992; Hudales
1994; Gerdes and Wittmann 1994). Research on the stabilization of MSW fly ash from a
geotechnical viewpoint was also conducted by Tay and Goh (1989) and Poran and Ahtehi-Ali
(1989). Poran and Ahtehi-Ali (1989) reported that the MSW fly ash in the US contains just a
small amount of NaCI and can be stabilized effectively by lime and applied. as a road material. In
Japan, however, MSW fly ash usually contains a large amount of saIt which affects the
hardening rea<;:tion of cement or lime (Kamon et aI. 1994). Thus, a more effective methcxi for
MSW fly ash solidification is needed from technical, environmental and economical point of
view.
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2.3 Utilization of Fluidized Bed Combustion Coal Fly Ash (FCA) Based on the
Ground Improvement Technique
2.3.1 Basic Properties of FCA
Table 2.2 shows a comparison of the chemical compositions of FCA and pulverized coal fly ash
(PCA). The FCA was collected by a precipitator in the fluidized bed combustion system, with a
boiler temperature in the range of 800-1000'C to minimize the contents of SOX and NOx in the
flue gas. Consequently, a large amount of unburned carbon remained in the FCA, and the
panicles had a variety of non-spherical shapes and rough surfaces, as shown in Photo 2. I,
while the particles of the PCA were spherical in shape due to the high temperature of the boiler.
These characteristics make the use of FCA as a flowable replacement material in concrete or
backfilling like PCA very difficult. However, since the particle shape is considered to lead to an
increased adsorption of chemical substances, including harmful components, the utilization of
FCA as a liner material at waste disposal sites has been proposed (Fujiwara et al. 1992). A
further important feature of FCA is that it contains lime and gypsum as a result of the use of
desulphurizers in the combustion boiler as a preventive measure against air pollution. This leads
to the possibility of utilizing FCA, by hardening stabilization, as a geo-material in large
quantities.
The FCA used in this experimental study originated from a fluidized bed combustion boiler
sition of coal fl
PCA 0-1 1-2
FCA 25-40 15-25 1-3 10-30 1-2 0-1 0-1 3-8 10-30
Note: PCA and FCA stand for pulverized coal fly ash and fluidized combustion coal fly
ash, respectively.
Photo 2.1 SEM micrographs of FCA (FCA I)
17
Table 2.3 Physical properties and chemical composition of FCAs used
(a) physical orooerties
Particle Optimum Maximum Grain size distribution (%)
density water dry density -75 mm 75 - 5 rom 5 mm-
(gjcm3) content (%) (g/cm3 )
FCAI 2.28 82.5 0.70 3.3 83.9 12.8
FCA II 2.40 72.0 0.75 10.0 81.9 8.1
(b) chemical composition (unit: %)
SiD? Ab~ T-F CaO MgQ K?O Na?O SO, Ig-Ioss
FCAI 23.8 16.5 2.9 10.8 1.6 0.3 0.2 1.8 39.2
FCAII 25.8 16.2 1.7 8.5 0.5 0.6 0.4 4.2 33.7
(c) Leachate component (unit: mm)
T-Hg Cd Pb Org-P Cr(vD As CN-
FCAI < 0.0005 < 0.01 0.02 < 0.01 0.04 < 0.001 < 0.01
FCA II < 0.0005 < 0.01 < 0.01 < 0.01 0.1 0.02 0.1
Criteria 1) < 0.005 < 0.3 < 0.3 < 1 < 1.5 < 0.3 <1
Note 1) : The criteria of harmful components established for landfilling by
Environmental Agency, Japan.
used as an independent electrical power plant in an iron foundry. Table 2.3 shows the physical
properties and the chemical compositions of the FCA used. The FCA consisted of particles
equivalent in size to silt grains, the same as those in PCA The ignition loss depended upon the
unburned carbon content, which exceeded 30% for the samples used. The FCA contained a
relatively low content of CaO and gypsum in comparison to the ordinarily generated FCA
(shown in Table 2.2). As the FCA used here consisted of fme grain particles with low density,
it generated much dust during handling.
It is important to assess the environmental impact induced by the utilization of waste
materials such as FCA A leachate test established by the Environmental Agency in Japan was
carried out, wherein the material was smashed to pieces less than 5 mm in diameter, soaked in a
ratio of 50 g of waste per 500 ml of distilled water (pH 5.8-6.3), and stirred for 6 hours. Then,
the test liquid was separated by fIltering. The leachate levels of harmful components from the
FCA were very low against the criteria for landfilling, and therefore, it can be utilized effectively
without concern for its environmental impact
2.3.2 Strength Characteristics of FCA with Hardening
Figure 2. 1 shows the relationship between the strength and the mixing conditions of FCA The
specimens were mixed and prepared in accordance with the Practice for Making and Curing
Compacted Stabilized Soil Specimens Using Rammer (Standard of the Japan Cement
Association, CNS L-OI-1990, which is equivalent to ASlM D1632 standard using
Compression Test Specimen Molds). Mixing the FCA with water resulted in a change in the
consistency of the samples. This indicates that the FCA samples, by absorbing mixed water and
exhibiting a dry surface early in the mixing, changed to a moist spherical clod because of the
prolongation of the mixing time which is an indicator of the dissolution of the reactive
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Fig. 2.1 Strength development of hardened FCA
(a) before consistency change
(b) after consistency change
Photo 2.2 SEM micrographs of FCA I mixed with water
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composition in materials. The hardened FCA specimens, prepared after the consistency had
changed, showed different strength characteristics from those compacted before the change in
consistency (after only 5 minutes of mixing). When prepared with a high water content (75%
and 82.5%, the latter of which is the optimum moisture content measured before the change in
consistency), the specimens compacted after the consistency change showed a lower strength
than those compacted prior to the change in consistency. Conversely, in the case of specimens
with a lower water content (at 65%), the change in consistency led to an increase in compressive
strength. This change in the characteristics of the FCA brought about by the change in
consistency is considered to cause a decline in the optimum moisture content Excessive
saturation with water resulted in a reduction in strength compared with those specimens with no
change in consistency.
The change in consistency for the FCA is closely related to the hardening reaction. Photo
2.2 shows the FCA particles both before and after a change in consistency. The samples which
had undergone a change in consistency showed a modification from a rough shape to small
spheres, in comparison with the non-spherical particles shown in Photo 2.1. The X-ray
diffraction intensity of C3S (alite; one kind of compound in cement), shown in Fig. 2.2,
illustrates the acceleration of dissolution by the change in consistency, which results in more
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Fig. 2.2 X-ray diffraction intensity of hardened FCA
Table 2.4 Leachate oroperties of FCA
Mix proportions of samples (wt %) Leachate ions (ml!!l)
FCA I Water Na?CD1 Si








Note: Sample solutions were prepared by filtering the mixtures.
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Fig. 2.3 Strength characteristics of hardened FCA
While the change in consistency for specimens with a water content of 65 % is thought to
be what allows for their reuse as base-course materials, according to their strength development
(I MPa, set for use in Japan), mixing for even longer periods (50 minutes) was not reasonable
for field applications. The addition of CAS (Carbonated-Aluminate Salt; one kind of cement-
based stabilizer), which shortened the mixing time for a change in consistency and increased the
strength, as shown in Fig. 2.1, suggested the possibility for a practical utilization of FCA as a
goo-material. The effectiveness of CAS will be addressed in Section 2.4.1 (2). The composition
of the CAS presented here was 85%, 5%, 6%, and 4% for cement, Ca(OH)z' ~(S04) 3' and
N~m3' respectively. N~CX)3' a component of CAS, promotes the dissolution of Si4+ and AI3+,
as shown in Table 2.4, and is considered to accelerate the change in consistency and the
hardening reaction.
Figure 2.3 shows two strength-time curves for hardened FCA, both of which changed in
consistency with CAS (wo =68%) and without CAS (wo =82.5%). Both mixtures showed that
a long curing period leads to an increase in strength. The samples treated with CAS retained
compressive strengths above 1 MPa after drying-wetting and can be thought of as suitable
subbase materials. This drying-wetting test method was conducted in accordance with the
method proposed by Kamon et al. (1993), and will be described in detail in Section 2.4.2 in
which 6 cycles of drying (in a 40t: oven or a 20t: vacuum desiccator) and wetting (by
soaking) were performed after 7 days of curing. Even the specimens with no change in
consistency retained a strength of 300 kPa, making possible their reuse as materials for
embankment building and subgrade, as by law the suggested strength after 7 days of curing
should sustain 100-200 kPa of stress for these purposes.
2.3.3 Characteristics of FCA Treated by the Non-Dusty Method
The use of FCA leads to a dusty construction environment, due to the low density fine grain
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Fig. 2.4 Equipment for dust measurement
level was measured as follows; 100 g of the sample were dropped into a box 40 x 50 cm in
width and 30 cm in height through an upper opening (7.1 x 12.8 cm), and the dust levels at a
height of 25 cm (in the box) were measured with a laser dust monitor, as shown in Fig. 2.4.
The FCA raised much more dust than ordinary Portland cement, thus, a non-dusty treatment
method is required for the widespread application of FCA as a goo-material.
In this study, the applicability of the "Non-Dusty Method" using oil, as proposed by Sawa
et al. (1993), was evaluated. This method has been developed and established for cement-based
stabilizers. Oil contributes to the prevention of dust raising, but not to the acceleration of the
hardening reaction, differing in this respect from the addition of water. Figure 2.5 shows the
dusting characteristics of FCA mixed with several kinds of oil. The addition of oil resulted in
the settling of FCA dust as effectively as the addition of water, because it changed the dry FCA
powder to a wet powder condition. When the FCA treated by the Non-Dusty Method was
compacted with the optimum water content, the reduction in strength induced by the addition of
oil was negligible, as shown in Figure 2.6. The FCA treated by this method shows
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15
2.3.4 Application to Soft Soil Improvement
To evaluate the applicability of FCA to soft soil improvement, mixing tests were carried out on
surplus soil of alluvial clay discharged from an underground excavation site. The clay soil used
in the tests had a 93% liquid limit, a 34% plastic limit, and a 6.2 unifonnity coefficient. The
natural water content was 84%, and it was in a very soft clay condition. The preparation of the
specimens was in accordance with the Practice for Making and Curing Noncompacted Stabilized
Soil Specimens (JGS T 821-1990, which is equivalent to ASTM D 1632).
In Fig. 2.7, even a 15% addition of FCA brought about the minimum compressive
strength of 100 kPa, and therefore, the soil stabilized by FCA can be treated not as waste sludge
but as useful soil material in accordance with the criteria established by the Japanese government
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Fig. 2.8 7-day strengths of FCA stabilized soil
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by a compressive strength of 0.5 kgf/cm2 (:::: 49 kPa). With an additive content of 20%, the
strength reached 1 MFa which is suitable for utilization not only in embankments or as subgrade,
but also as subbase material. The additive content of FCA and the curing term affect the increase
in strength, as is the case of an ordinary stabilizer, and the lime and the gypsum content of the
FCA contribute to this strength development The addition of FCA, treated by the "Non-Dusty
Method," resulted in a slight deterioration in strength compared with the addition of raw FCA.
This decrement is negligible, however, in terms of its applicability as a soil stabilizer.
Figure 2. 8 shows the strengths of stabilized soil cured and soaked for 7 days. When it has
soaked after over 1 day of curing, the FCA~stabilized soil retained a strength higher than 200
kPa And the effect after soaking for 7 days was remarkable. The addition of FCA treated by the
Non-Dusty Method conferred strengths of 100 kPa (wo :::: 64%) and 50 kPa (wo :::: 84%), while
the soil samples would not harden with the addition of only raw FCA. Oil contributed to the
development in strength under the above soaking conditions. This effect can be explained by the
fact that oil may cover the soil and the FCA particles and prevent the particles from becoming
excessively saturated. It can be concluded that the Non-Dusty Method extended the applicability
of FCA to soft ground improvement.
2.3.5 Field Tests of Soil Stabilization by FCA
Case studies on the application ofFCA to soft soil stabilization were performed. Raw FCA, not
FCA treated by the Non-Dusty Method, was used in the studies. The objective was to improve
the soft clay ground and construct a gravity-retaining wall and embankment, as shown in Figure
2.9. The original ground was a rice paddy field and soft enough to have a 2-6 SPT blow count
from the surface to a depth of 9 m. The soil had a 69% liquid limit and a 32% plastic limit
The ground improvement site, 5 x 20 m in width and 1 m in depth, was divided into four 5
x 5 m sections. The cement-based stabilizer ordinarily used was applied to two sections and a











Fig.2.9 Section of the construction site
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Table 2.6 Test results from the construction site
S~rion 1 2 3 4
Design strength, qu (kPa) 294
Type of stabilizer CBS


































at 3 days 960 1372 1784 4724
at 7 days 1117 1254 2499 2097
Note: Design strengths were determined by the experimental results in soil with a 57%
water content.
CBS, cement-based stabilizer;
FCA-a and FCA-b, mixtures of FCA I:CAS =7:3 and 5:5, respectively;
K30, coefficient of subgrade reaction measured by the Plane Load Test on Soils for
Road (nS A 1215-1980).
carried out experimentally, the required design strength was settled within 7 days at two levels,
namely, 294 kPa and 490 kPa The mixing ratio in the field, shown in Table 2.6, was
detennined based on the results of laboratory experiments. A back hoe with an exclusive dipper
of a volume of 0.7m3, executed the mixing work for 30 minutes and light compaction was
achieved.
Table 2.6 also shows the results of a follow-up examination. As the condition of the
original clay was not unifonn, the test results cannot be evaluated as absolute comparison tests.
However, the strength development of the soil materials stabilized by the FCA and CAS
mixtures was remarkable, even when taking into account variations in the original ground.
Samples from the sites treated with the cement-based stabilizer showed lower strength values
than the sites which underwent the experimental treattnent after 7 days of curing. The soils
stabilized with FCA-CAS mixtures reached the design strength within 3 days. Over three years
have passed since the execution, and there still have been no problems with either the
embankment or the retaining wall.
2.3.6 Use for Solidification of Waste Sludge and MSW Fly Ash
The application of FCA to the solidification of waste sludge discharged from construction
works and MSW fly ash has been proposed (Kamon and Katsumi 1994, Kamon et al.1994).
MSW fly ash stabilization by FCA will be discussed in Section 2.5, while waste sludge
solidification will be described in Chapter 3, and the contents of which will therefore not be
discussed in detail here.
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2.4 Utilization of Stainless·Steel Slag (S-Slag) by Cement Hardening
2.4.1 Basic Properties of Materials
(1) S·slag
Two types of S-slag are used in this study, both of which are a kind of reducing electric furnace
slag derived from different Austenitic Stainless-Steel Plants. The physical properties and the
chemical compositions of the two materials are given in Table 2.7. The two types of S-slag are
composed of fme grain particles equivalent in size to silt grains, and have a lower specific
surface area (2025 cm2jg and 2225 cmZjg) than blast furnace iron slag (4000-4800 cmZjg). The
particle density (3. 10 g/cm3 and 3. 19 g/cm3) is within the limits of ordinary reducing electric
furnace slag (2.80-3.25 glcm3).
The chemical composition of S-slag varies, but it mainly consists of oxides such as
calcium oxide (CaO), silicon oxide (SiOz) , and aluminum oxide CAlz03)' which cause materials
to possess latent hydraulic properties. The two kinds of slag have similar chemical compositions
and are close in composition to average electric furnace reducing slag, except for the CaO
content The CaO content in general reducing slag lies in the range of 30% to 50%. The
difference in CaO composition may be due to collecting spots and raw materials. Therefore, S-
slag I and S-slag II used in this study are considered to represent reducing slag with rich and
poor CaO contents, respectively. Regarding the slag efflorescence, the changes in volume when
free-lime is hydrated to Ca(OH) z or the expansion for the formation of CSH (calcium silicate
hydrate; CaO' SiOz.HzO) and CASH (hydrated gehlenite; CaD' Alz03 . SiOz . Hz0), have been
reported as possible causes (Kuwayama et al. 1992; Narita et al. 1978). A CaO content can
influence the fonnation of Ca(OH) 2' CSH, and CSAH. These two materials are expected,
Table 2.7
Particle density (gIcm3)




Blaine specific surface area (cm2jg)
Optimum moisture content (%)
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M:Merwinite, D:Diopside, Ma:MgO·Ab03, Ms:~-2MgO·Si02,
Ca:12CaO·7A120 3, A:Alite, and G:Gehlenite.
Fig.~.10 XRD pattems of S-slags
therefore, to have different hydraulic or efflorescence properties.
Figure 2.10 shows X-ray diffraction patterns for the two types of S-slag used. It has been
reported that the main minerals of ordinary reducing electric furnace slag are dicalcium silicate
(2CaO' SiOz)' magnesium silicate (2MgO' SiOz), and calcium aluminate (l2CaO' 7~03)' etc.
(Kuwayama et al. 1992). Both kinds of slag exhibit peaks of merwinite (C~Mg(Si04)2)'
diopside (CaMg(Si03)2)' magnesium aluminum oxide (MgO' Al20 3), and magnesium silicate
(P-2MgO'SiOz)' While S-slag I contains calcium aluminate (12CaO' 7Alz03)' S-slag II appears
to contain alite (3CaO' SiOz) and gehlenite (2CaD' ~03 . SiOz), which are cement minerals.
Two types of S-slag were used in this study, namely, the raw material obtained from a
factory and an S-slag finer than 0.425 mm. Such a slag is usually larger than 0.005 mm.
Therefore, kaolinite was used to arrange the grain size distribution, and its particle size was
fmer than 0.005 mm. The kaolinite had a silt fraction of 15.8%, a clay fraction of 84.2%, a
liquid limit of 84.7%, and a plastic limit of 35.1 %.
(2) Hardening agent
As the hardening agent, Carbonated-Aluminate Salt (CAS) which is a cement-based stabilizer
containing Ca(OH)z, AlZ(S04) 3' and N~C03' is used. There are different kinds of CAS based
on the mixing ratio. It has been previously shown that CAS is effective as a hardening material
for soft clays or waste materials (Kamon et al. 1989; Tomohisa 1989; Nontananandh 1990).
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The effects of the CAS materials have been summarized as
(1) the formation of ettringite (3CaO' AlZ0 3 • 3CaS04 . 32H.z0) and otherreactional products and
the crystallization of excess pore water in the soil;
(2) the activation of a pozwlanic reaction over a long term;
(3) the control of the pH value of the hardened mixtures; and
(4) the activation of hydration by accelerating the dissolution from soiVwaste materials.
The composition of CAS used here is cement: Ca(OH)2 : Alz(S04) 3 : NazCO) = 50 : 30 :
15 : 5 (dry weight basis).
2.4.2 Experimental Procedure
The specimens were mixed and prepared in accordance with the Practice for Making and Curing
Noncompacted Stabilized Soil Specimens (lOS T 821-1990). The cylindrical molds, 5 em in
diameter and 10 cm in length, were filled with fresh mixtures (after mixing for 5 minutes), and
vibrated in order to remove air bubbles. The sealed specimens were cured at a constant room
temperature of 20t with 80% relative humidity. In addition to the curing condition which is
termed as 'Normal curing', the following curing process was performed for the durability tests,
using specimens with three different mixed proportions which can gain strength in excess of 1
MPa in I-day without yielding a loss in strength, after the specimens were cured under a
constant room temperature for 6 days, and thereafter, cured in water for 1 day. The following
steps were taken in curing the samples (Table 2.8):
(Drying and wetting test)
Table 2.8 Experimental conditions for the durability test
Curing conditions
Items Drying Wetting
Normal curing sealed, 20 + 2°C 80 % RH
electric furnace, 110+ 3°C
electric furnace, 110+ 3°C water, 20 'C
48 hours/cycle 24 hours/cycle
electric furnace, 40 + 3'C









electric furnace, 40 + 3°C
48 hours/cycle













(1) The samples were cured in an electric furnace at llO"C, called 'Oven curing'.
(2) They were dried in an electtic furnace at llO"C for a 48-hour cycle and stored in water for
a 24-hour cycle, called 'Drying(oven)-wetting'.
(3) The samples were cured in an electric furnace at 40"C, called '40 'C curing'.
(4) They were dried in an electtic furnace at 4O'C for a 48-hour cycle and stored in water for a
24-hour cycle, called 'Drying(40 'C)-wetting'.
(5) The samples were dried in vacuum desiccators (made of 1 em thick cylindrical plastic, 38
cm in inner diameter and about 50 em in height with a steel cover plate at each end) for a
48-hour cycle and stored in water for a 24-hour cycle, called 'Drying(vacuwn)-wetting'.
(Soaking test)
Samples were stored in the following solutions:
2.5% N~S04' 5% NaZS04, and 5% MgS04 •
The temperature of the water and all the solutions was maintained at a constant 20"C.
Unconfmed compression tests and an X-ray diffraction (XRD) analysis were carried out after
the curing period. A standard test method has not yet been established in Japan for durability
under drying and wetting cycles. It has been reported that the durability of stabilized mixtures
might be overestimated if they are dried at high temperatures (40-70 "C), because such
temperatures accelerate the hardening reaction (e.g., Kamon et al 1990). In this study, a
vacuum drying method, in which drying was perfonned with a suction pump (-750 mmHg) at a
temperature of 20"C, was newly adopted to evaluate the durability in the early stages while
maintaining a constant temperature.
2.4.3 Strength Characteristics of Stabilized S-Slag
Table 2.9 shows the compressive strengths of some S-slag mixtures. The proportions of the
mixtures shown in Table 2.9 were determined so that the fresh mixtures would be workable
enough to have the air bubbles removed from them by vibration and to avoid the occurrence of
bleeding.
Table 2.9 reveals that CAS produces a greater hardening effect than ordinary Portland
cement For S-slag I, a marked gain in early strength was observed for mixtures with particle
sizes smaller than 0.425 mm. This indicates that the strength development is affected by the
particle size and the chemical composition of the metalloid pellets which remained in the S-slag.
A decrease in strength is observed for many of the mixtures shown in Table 2.9. This is thought
to be due to the efflorescence phenomenon. The mixtures without kaolinite clay, cured for 3
days, were approximately 40% lower in strength than the mixtures cured for 1 day (Fig. 2.11).
However, if the mixtures are proportioned with some kaolinite (5% addition in this study), the
strength of the S-slag mixtures can be maintained. Similar results were found in a study on the
stabilization of incinerated pulp ash. The study indicates that the addition of kaolinite brings
about effective stabilization due to a decrease in porosity and an acceleration in the formation of
CSH (Kamon et al. 1991). For subbase purposes, it is recommended that the mixtures gain a
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Material and mixing conditions Compressive strength kPa)
Symbol Type of Type of Stabilizer water/solid 1 day 3 days 7 days 28
stabilizer S-slag content (%) (%. bv wL) days
MIX-I Cement Slag I 3 50 468 778 757 501
MIX-2 Cement Slag I 6 50 549 733 574 432
MIX-3 CAS Raw Slag I 3 45 1088 1041 956 *
MIX-4 CAS Raw Slag I 3 50 2021 1337 1037 913
MIX-5 CAS Raw Slag I 6 45 I29C 1136 1089 *
MIX-6 CAS Raw Slag I 6 50 1555 1332 1402 1321
MIX-7 CAS Raw Slag I 9 50 1339 1739 1845 2418
MIX-8 CAS Slag I 9 50 1987 1178 * *
MIX-9 CAS Slag I:K 9 50 1638 1859 1957 1859
=95:5
MIX-lO CAS Slag I:K 12 50 2263 2709 2631 2479
=95:5
MIX-II CAS Slag II 3 35 392 601 1359 4218
MIX-12 CAS Slag II 6 35 1675 2604 4868 8765
MIX-13 CAS Slag II:K 3 35 316 568 1725 3125
=95:5
MIX~14 CAS Slag II:K 6 35 1591 3541 3855 4005
=95:5
Note: 'K' stands for kaolinite clay, 'Raw Slag' for the untreated S-slag, and 'Slag' for S-

















Fig. 2.11 Strength characteristics of S-slag I mixtures
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Age, Days
Fig.2.12 Strength characteristics of S-slag Ilmixtures
14-day strength of more than 12 kgf/cm2 (1.18 MPa), without yielding a loss in strength.
Therefore, it is believed that an S-slag I mixture blended with CAS and kaolinite can be used as
a subbase course material.
For S-slag IT, the strength improved considerably with an increase in curing time when the
mixtures were stabilized with CAS. And the addition of 6% CAS produced a higher strength
than 1 MPa of compressive strength of the mixture cured for I-day, while the mixture with a
3% addition of CAS produced a lower strength than only 500 kPa In contrast to S-slag I, the
addition of kaolinite to the Slag II mixtures was considered ineffective because it impaired the
strength over a prolonged curing time. In Fig. 2.12, the mixtures with kaolinite showed a
marked trend in the reduction of strength after approximately 7 days. Regarding their use as
subbase materials, the mixtures with CAS are more important than those with the addition of
kaolinite, and S-slag with a 6% addition CAS has potential for use.
Figure 2.13 shows the X-ray diffraction patterns of stabilized S-slag. The samples
stabilized by ordinary Portland cement exhibit a formation of CSH hydrate. Both types of S-
slag treated by CAS have remarkable peaks of CASH, as well as CSH, and the X-ray
diffraction intensities of these hydrates also increase for mixtures which exhibit an increase in
32












Fig. 2.13 XRD patterns of stabilized S-slag mixtures
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strength over a prolonged curing time. The formation of CASH or CSH is very important when
contemplating the efflorescence characteristics of S-slag. When stabilizing S-slag, however,
CASH and CSH contribute to the strength development It should be noted that the decrease in
strength of many mixtures of S-slag I is not thought to be due to the formation of CSH or
CASH, but to other reaction mechanisms.
2.4.4 Drying-Wetting Durability of Stabilized S-Slag
The confrrmation of water removal by certain drying conditions is important to the evaluation of
the curing methods proposed in this study. Figure 2.14 shows the weight change ratios for
specimens under drying and wetting conditions, which indicate water removal and adsorption.
The water removal ratio by a 40t drying method in 40t curing or Drying(40 'C)-wetting is
about 70% of the removal by llOt drying in Oven curing or Drying(oven)-wetting. The
drying method with a temperature of 110t is unlikely to be effective in an in-situ environment,
and it is known that soil near the surface of the ground often rises to 40t. In Fig. 2.14, the




























Fig.2.14 Weight change of S-slag mixtures under drying-wetting
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Fig.2.15 Volume change of S-slag mixtures LInder drying-wetting
water removal ratio is comparatively low during the early cycles of Drying(vacuum)-wetting,
because the number of samples in the vacuum desiccator affects the water removal. When the
number of specimens in the desiccator is between 4 and 6, the dehydration ratio by vacuum
drying is about 70%, which is approximately the same as that of the 40'C drying methods.
Thus, it is clarified that the newly adopted. vacuum drying method is capable of the same water
removal as in a 40'C condition without raising the temperature.
Volume changes of S-slag mixtures under drying-wetting conditions, as shown in Fig.
2.15, illustrate the affects of the drying method and the addition of kaolinite. For
Drying(vacuum)-wem·ng and Drying(40 G)-wetting, shrinkage and swelling during each drying
or wetting cycle are minute, and drying shrinkage ratios are less than 1% for all the cycles. For
Drying(oven)-wetting, irreversible shrinkage occurred during the fIrst drying, but afterwards a
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(c) S-slag II (6 % CAS and 5 % kaolinite)
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Fig. 2.17 XRD patterns of S-slag II mixtures with various
curing conditions at 28-day curing
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crack propagated and eventually led to failure.
Figure 2.16 illustrates changes in strength with respect to the curing period. and the curing
conditions. The compressive strength of specimens for a 40 t' curing is as high as 10 MPa.
This unusual increase in strength is the result of an increased tightness brought about by the
drying and hardening reaction accelerated by high temperatures. Drying(40 'C)-wetting and
Drying(vacuum)-wening are similar in their water removal ability and drying shrinkage
characteristics, but differ obviously in their strength characteristics. In the case of
Drying(40 'C)~wetting, the S-slag mixtures without kaolinite have only half the strength of
mixtures with Normal curing after 28 days (6 cycles), while the mixtures with kaolinite clay
show high strength when compared to mixtures with nonnal-curing. In the case of
Drying(vacuum)-wetting, the strength of the mixtures with or without kaolinite shows a
reduction by 10-20% and 50%, respectively, when compared with Normal curing. As the 40'C-
drying is nearly equal to the Vacuum-drying in drying shrinkage, it is thought that the
development of strength for Drying(40 "C)~wetting is caused by the acceleration of the hardening
reaction with high temperatures. The strengths of stabilized S-slag I with kaolinite and S-slag II
without kaolinite, obtained from Oven curing, are two and a half times as high as the strengths
for Normal curing (Fig. 2.16 (a) and (b)). S-slag mixtures with kaolinite obtained from Drying
(oven)-wetting do not show any remarkable expansion and/or failure, and maintain a strength of
about 1 MFa. Therefore, the durability of mixtures shows more dependence on the existence of
clay minerals and curing conditions than on the type of S-slag used or the water content in the
mixture. It is inferred that the S-slag with CAS materials and kaolinite clay can potentially be
used as a subbase course material.
Figure 2.17 shows the X-ray diffraction patterns for S-slag mixtures under several curing
conditions. As stated above, CSH and CASH are considered to be main reaction hydrates which
contribute to the strength development. While the peaks of CSH are unchangeable for the
different curing conditions, those of CASH are due to the drying and wetting cycles. CASH
was not detected in the specimens for 40 t'-curing and Oven cUring. For Drying(40 t')-wetting,
CASH appeared again when the sample was rewetted, but consequently, a greater reduction in
CASH was observed than with Nonnal cUring. For Drying(oven)-wetting, CASH did not
reappear when the specimens were rewened. These phenomena can be the signs of dehydration
and re-hydration of the water of crystallization. For Drying(vacuum)-wening, CSAH seems to
be sensitive to drying-wetting, but the addition of kaolinite restrains the decline of CSAH.
Considering the stability of the hydrate compounds which playa role in strength development,
kaolinite leads to an improvement in durability.
2.4.5 Soaking Durability of Stabilized S-Slag
An assessment of the durability against sulfate attacks is of great importance if these materials
are to be used as earthen materials. Figure 2.18 shows the strength characteristics of specimens
cured over a long period by Nonnal cun'ng and in a 2. 5% N~S04 solution. The deterioration in
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Fig. 2.18 Strength-time curves of S-slag mixtures
strength of both S-slag mixtures does not appear over a long period of time. The S-slag cured in
an NazS04 solution has a much higher strength than the slag cured by Normal curing. X-ray
diffraction patterns exhibit the formation of ettringite (3CaO' Alz03 . 3CaS04 . 32H20) in these
specimens, as shown in Fig. 2.19. On concrete and concrete-like materials, it is generally
known that the formation and subsequent expansion of hydrated ettringite causes the
deteriorative expansion of mixtures for certain concentrations of certain kinds of sulfate
solutions (Mehta 1973). This deteriorative phenomenon is due to the type and concentration of
sulfate, the chemical and physical properties of the stabilized materials, the characteristics of the
mixtures, and the curing term. The test conditions in this study do not lead to a decrease in
strength. The changes in weight over time for specimens stored in sulfate solutions and in water
are presented in Fig. 2.20. The specimens stored in 2.5% sulfate solutions show only slight
changes in weight over time and remain in excellent condition after a soaking period of one
month. It is evident that the specimens stored in an extremely high concentration of sulfate
solution undergo marked changes in total moist weight and exhibit signs of deteriorative
expansion. Specimens in 5% MgS04 showed poor sulfate crystallization on the surface and
specimens in 5% N~S04 were badly cracked, while those stored in water remained in good
condition as shown in Photo 2.3. One must be aware that the resistance of stabilized S-slag to
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Fig.2.20 Weight change of S-slag mixlUres
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Photo 2.3 5-month-aged stabilized S-slag II stored in:
(a) water, (b) 5 %Na2S04 solution, and (c) 5 %MgS04 solution
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2.S Stabilization of Municipal Solid Waste Incinerated Fly Ash (MSW Fly Ash)
2.S.1 Basic Properties of Materials
(1) MSW fly ash
The material used in this study is MSW fly ash collected under dry conditions from the
electrostatic precipitator of an MSW incineration facility. Particles finer than 0.425 mm were
used for the following experiments.
Substances in the incinerator with a low vapor pressure remained in the bottom ash
through incineration, while those with a high vapor pressure moved toward the exhausted gas
and were consequently collected by the precipitator. Therefore, the properties of the bottom ash
and the fly ash depended on the type of incinerator, the temperature, and the raw materials. The
incinerator from which the fly ash was collected was a fluidized combustion type whose
incineration temperature was in the range of 800-1000t.
The chemical composition and leachate components of the MSW fly ash are shown in
Tables 2.10 and 2.11, respectively. The salt concentration and the electric conductivity were
measured. according to the sodium-ionic electrode method and the alternating current method,
respectively. Of the electropositive elements, most of the silicon (Si) and aluminum (Al)
remained in the bottom ash, while heavy metals such as cadmium (Cd), plumbum (Pb), arsenic






































Table 2.12 Ph sical TO erties of MSW fl ash
Particle density (g/cm 3) 3.03
Blaine specific surface area (cm2/g) 107
Natural water content (%) 1.28
Liquid limit (%) 35.0
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Fig.2.21 Compaction curves of MSW fly ash
(As), mercury (Hg), and potassium (K) were detected in the fly ash more than in the bottom ash
due to their low vapor pressure. In particular, as the boiling points of Cd and Hg are very low,
namely, 767'C and 357"C, respectively, most of the Cd and Hg were concentrated and
contained in the fly ash. Cd, Pb, and Zn leach in high concentration from the used ash, which
can not satisfy the environmental criteria established for landfilling by the Environmental
Agency, Japan. Another important characteristic of the materials is the salt contents. The MSW
fly ash consisted of a high composition of NaCI and KCl.
Table 2.12 exhibits the physical properties of the MSW fly ash. It mainly consists of sand
particles and its uniformity coefficient of 1.6 makes it too low to be compacted properly. Figure
2.21 shows the compaction curves of the fly ash. If the ash is mixed with water for a long time,
the fresh mixture can exhibit high consistency, similar to the FCA presented in Section 2.3.2.
However, changes in consistency have a different effect on the fly ash mixed with water than on
the FCA. For the MSW fly ash, change in consistency resulted in an increase in both the
optimum water content and the maximum dry density, while changes in consistency for FCA
lead to a decrease in just the optimum water content. This phenomenon is thought to be caused
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[FCAd h . ITable 2.13 Phvsical properties an c emlca composltJon 0
Particle density (g/cm3 ) 2.09 iChemical compositions (0/0)
Blaine specific surface area (cm2/g) 2850 Si02 29.6
Grain size distribution AlZ0 3 19.9
Sand fraction (%) 7.6 CaO 13.0
Silt fraction (%) 80.0 Fez0 3 3.2
Clay fraction (%) 12.4 S03 3.1




Stabilizer A 5 5
Stabilizer B 5 5 70
FCA 100
by the behavior of soluble salts. In other words, the salts can dissolve when mixed with water
and the mixture can consequently be compacted of high densities.
(2) Fluidized bed combustion coal fly ash
Fluidized bed combustion coal fly ash (PCA) was used in experiments as an additive agent for
the stabilization of MSW fly ash. The basic properties of FCA are shown in Table 2.13. This
FeA was collected at the same facility as FCA I, presented in Section 2.3, but it has a different
composition from FCA I because the time at which it was collected was different.
2.5.2 Experimental Procedure
Cylindrical specimens were prepared for unconfmed. compressive strength tests, soaking
durability tests, the X-ray diffraction (XRD) analysis, scanning electronic microscope (SEM)
observations, and leachate tests. The specimens were mixed and prepared in accordance with
the Practice for Making and Curing Compacted Stabilized Soil Specimens Using Rammer
(Standard of the Japan Cement Association, eAJS L-O1-1990). The specimens were sealed and
cured under a constant room temperature of 20t, with a relative humidity of 80%. The mixing
time and water content were determined based on the compaction characteristics stated in
Section 2.5.1 (1), in order to achieve the change in consistency of the fresh mixtures.
The procedure for the leachate tests affected the test results. In particular, the longer
agitation time caused the encapsulation of heavy metals (Tomizawa et al. 1979, Tanaka et al.
1992). In this study, the leachate tests were carried out with the method originally proposed..
The 30 g samples were crushed to smaller than 2 mm in diameter after unconfmed. compressive
strength tests, and were mixed with 300 g of water. The filtrate was analyzed by an atomic
absorption spectrophotometer after a 5-minute agitation. l..eachate_ tests established for
landfilling by the Environmental Agency in Japan, were also performed on some specimens.
2.5.3 Stabilization of MSW Fly Ash by Cement Hardening
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Fig. 2.22 Strengths of hardened MSW fly ash
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assessed for the stabilization of MSW fly ash, and are shown in Table 2.14. To prepare the
specimens in accordance with the Practice for Making and Curing Noncompacted Stabilized Soil
Specimens (JGS T 821-1990), the water content was set at 22% and fresh mixtures were mixed
up for 6 minutes before compaction.
(1) Strength development
Figure 2.22 shows the strength characteristics for the stabilized MSW fly ash. The FCA differs
remarkably from the other stabilizers (cement and cement-based stabilizers) in its contribution to
strength development If stabilizers containing cement are used, the increase in strength will
continue over a long period of curing (13 weeks), while the MSW fly ash stabilized by FeA can
achieve a higher strength than 2 :MPa in the early stages (one week). The strength increase after
7 days is not at all remarkable. The MSW fly ash stabilized by FCA has a higher strength than
the fly ash stabilized by other stabilizers in each additive content and in each curing period. The
effect of the additive content on the strength development can not be shown.
According to the results of the X-ray diffraction analysis shown in Fig. 2.23, no possible
by-products due to ordinary cement hydration can be identified except for a small amount of
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Fig. 2.23 XRD patterns for stabilized MSW fly ash
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(a) 9 % cement (b) 9 % cement, pore volume
(c) 9 % stabilizer A (d) 9 % FCA
Photo 2.4 SEM micrographs of hardened MSW fly ash at 91-day curing
the crystals with parallelepiped or a ring shape were widely spread throughout the observed area.
The needle-shaped crystals existed only in the pore volumes between the crystals. An X-ray
micro analyzer identified these parallelepiped, ring-shaped. and needle-shaped crystals as NaCI,
KCI, and ettringite, respectively.
From these test results, the hardening mechanisms can be summarized as follows: Soluble
substances, NaCI and KCI, which do not solve during mixing, fonn a skeleton. As cement and
FCA adsorb the pore water due to hydration, the chemical deposition of the solved NaCI and
KCI contribute to the fonnation of the skeleton, but cover the cement or the FCA to prevent the
cement from hydration. FCA is thought to contribute much more to the chemical deposition
caused by the water adsorption ability than cement or cement-based stabilizers, and
consequently, it attains a higher hardened strength.
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(2) Leachate characteristics of heavy metals
The behavior of heavy metals such as Cd, Pb, and Zn, contained in the MSW fly ash, should be
addressed. The leachate characteristics, which were obtained through the experimental method
stated in Section 2.5.2, are presented in Table 2.15.
FCA differs from other stabilizing agents in its Cd leachate characteristics as well as its
strength development While Cd leachate from the specimens containing cement is lower than
0.1 ppm, in spite of the kind of stabilizer or the curing period involved, high leachate
concentrations of Cd were detected in the ash stabilized with FCA, especially in the early stages
of curing, and the Cd leachate criteria (0.3 ppm) for harmful heavy metals, set down for
landfilling by the Environmental Agency, can be achieved only after curing for longer than 7
days. The Cd leachate is closely related to the pH of the solutions, as shown in Fig. 2.24.
nt)Table 2.15 Leachate components of hardened MSW fly ash (9% additive conte
Type of Aging pH Leachate concenrration Salt concenrration Elecrric
stabilizer (d) (ppm) (%) conductivity
Cd Pb Zn (mS/cm)
Cement 7 9.0 0.14 0.14 ND 1.3 27
28 9.1 0.08 0.19 ND 1.4 26
91 9.7 0.06 0.28 ND 1.4 23
Stabilizer 7 9.3 0.09 0.14 ND 1.4 27
A 28 9.6 0.07 0.12 ND 1.4 25
91 9.4 0.05 0.20 ND 1.5 27
Stabilizer 7 9.3 0.11 0.14 ND 1.2 25
B 28 9.6 0.09 0.14 ND 1.1 25
91 9.6 0.07 0.18 ND 1.1 24
FCA 7 9.0 0.31 0.13 ND 1.4 25
28 8.9 0.29 0.18 ND 1.3 22
91 9.1 0.13 0.13 ND 1.0 23
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Fig. 2.24 Leachate concentration of Cd versus pH of solution
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ash by soakingsfh dT' ble 2 16 Le hd ac ate components 0 ar ened M W fly
Type of Aginf pH Salt concentration Electric
stabilizer (d) (%) conductivity
(mS/cm)
Cement 7 9.1 1.1 2.5
28 9.3 1.1 23
91 9.3 1.1 21
Stabilizer 7 9.4 1.2 24
A 28 9.5 1.1 24
91 9.6 1.1 23
Stabilizer 7 9.1 1.2 25
B 28 9.5 1.2 22
91 9.0 1.1 21
FCA 7 9.0 1.1 23
28 9.1 1.2 24
91 9.4 1.0 23
According to these results, if the leachate solution has a lower pH value than 9.0, the Cd
leachate must be dealt with seriously. As an alkaline environment is required for the containment
of Cd, 1 week of curing is needed when using FCA as the stabilizing agent.
The leachate of two other components, Pb and Zn, was not affected by the kind or the
additive content of the stabilizer or by the curing period. Zn is thought to become as stable as
Zn(OH)2' and consequently, is not detected. The levels of Pb leachate cleared enough of the
leachate criteria established for landfilling by the Environmental Agency.
(3) Soaking durability
Since hardened mixtures of MSW fly ash consist of soluble substances such as NaCI and KC1,
but not the cement hydrated by-products from the XRD analysis and SEM observations, their
durability under soaking conditions should be assessed from environmental and geotechnical
viewpoints. A series of soaking tests were therefore performed.
The hardened mixtures of MSW fly ash with cement or a cement-based stabilizer gradually
failed due to soaking and turned into particles. However, MSW fly ash stabilized with FCA was
able to maintain its hardened shape under soaking conditions, even though cracks and/or
fractures were observed after 7 days of soaking. Table 2.16 shows the chemical properties of
the water in which the samples were soaked. Hardened 30 g samples were soaked in 300 g of
water after aging. As the effects of the type of stabilizer can not be conftrmed by electric
conductivity and/or the salt concentration of the soaked water, the mechanisms of soaking
durability can not be explained only in terms of salt leachate. Other effects on the durability will
be presented in the next section.
2.5.4 Application of Coal Fly Ash to Stabilization of MSW Fly Ash
Previously in Section 2.5.3, it was stated that FCA affects only the strength development and
the soaking durability but not the Cd containment. Both cement and the cement-based stabilizer
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fMSW fl hbTfTable 2.17 Mixin~roQortJons or sta 1 lzanon 0 lyas
Symbol Mixing ratio Mixing water content
MSW fly ash FCA Cement (%)
M-13 80 20 0 26
M-14 80 20 5 26
M-15 80 20 10 26
M-16 70 30 0 29
M-17 70 30 5 29





























Strength characteristics of stabilized MSW fly ashFig. 2.25
have an effect on the Cd containment, while cement hydration can not be seen. Therefore, the
single use of these stabilizers is limited, while the multiple use of them can be considered.. The
effects of using both cement and FCA is discussed. in this section. The mixing proportions are
shown in Table 2.17, where the mixing water contents were detennined. by the compaction
characteristics exhibited. in Fig. 2.21.
(1) Strength development
The high strength development of the specimens was observed. due to compaction, as shown in
Fig. 2.25. The compressive strength depended on the FCA content; lower contents of FCA
caused higher strengths from these results previously presented in Fig. 2.22. As the aging time
and the cement content have little affect on the strength increase, it is thought that the hydration
of cement components can not contribute to the hardening mechanisms. From the X-ray
diffraction analysis, NaCI and KCI were detected in large quantities and ettiringite was observed
in small quantities. This is similar to the MSW fly ash stabilized singly by cement or by FCA.
(2) Leachate characteristics of heavy metals
Leachate concentrations of heavy metals are shown in Table 2.18. The Cd leachate correlates to
the pH value, similar to that in Section 2.5.3. Therefore, the Cd could leach in high
concentrations if FCA was used without cement. The criteria to assess the Cd leachate is judged
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MSW fly ashe ac ate components of hardened
Aginf pH Leachate concentration
Symbol (d) (oom)
Cd Pb Zn
M-13 1 8.3 4.49 0.38 0.17
7 9.0 0.26 0.18 ND
14 8.8 0.20 0.17 ND
28 9.3 0.17 0. 1 4 ND
M-14 1 9.9 0.08 0.15 ND
7 9.5 0.08 0.18 NO
14 9.8 0.08 0.26 NO
28 9.7 0.05 0.25 NO
M-15 1 10.1 0.08 0.14 ND
7 9.7 0.07 0.13 NO
14 9.7 0.05 0.25 ND
28 9.9 0.05 0.23 NO
M-16 1 9.3 3.05 0.29 0.11
7 9.0 0.27 0.17 ND
14 9.4 0.20 0.17 ND
28 9.2 0.20 0.23 ND
M-17 1 10.1 0.06 0.20 ND
7 9.7 0.06 0.17 ND
14 9.6 0.06 0.18 NO
28 9.8 0.04 0.22 NO
M-13 1 9.9 0.06 0.19 ND
7 9.7 0.05 0.17 ND
14 9.7 0.04 0.14 NO
28 10.0 0.02 0.27 ND
Tabl 2 18 Le h
Table 2.19 Leachate components of hardened MSW
fly ash by leachate tests set by the Environmental
Agency. Japan
Symbol pH Leachate concentration (porn)
Cd I Pb I Zn ICr(vnl As
M-13 f9Tl 0.081 0.331 0.031 NO I NO
l1.QjJ 0.03 , 0.16 " 0.02" NO " ND
to be 9.0 in the pH value of the solution. The leachate characteristics of Pb and Zn are also
similar to those in the case separately stabilized by FCA and by cement The multiple use of
FCA and cement achieved the containment of heavy metals.
Table 2.19 shows the leachate test results obtained by the method noticed by the
Environmental Agency, Japan. All test results cleared the leachate standard for landfJ.1ling.
(3) Soaking durability
The hardened strength of the MSW fly ash, stabilized with FCA and cement, decreased due to
soaking, but remained high enough to be used as a geotechnical filling material, as shown in Fig.
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k d waterbl ??O Le hTa e _.~ ac ate components In t 1e soa 'e
Soaking Leachate concentration
Symbol period pH ()pm)
(d) Cd Pb Zn
M-14 1 9.7 <0.005 0.02 ND
6 9.3 0.01 0.03 ND
M-17 1 9.9 ND ND ND
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Fig. 2.26 Strength changes of stabilized MSW fly ash due to soaking
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Fig. 2.27 Mass change of stabilized MSW fly ash
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Fig. 2.28 XRD patterns for MSW fly ash mixtures under soaking condition
M-I?, I-day curing and 6-day soaking
Photo 2.5 SEM micrographs of hardened MSW fly ash under soaking conditions
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2.26. The leachate of heavy metals into the soaked water is another major environmental
concern. According to the test results shown in Table 2.20, the leachate concentrations of heavy
metals were very low and a longer soaking period resulted in less leachate of Cd. It can be
summarized, therefore, that MSW fly ash stabilized with FCA and cement is stable in landfill
sites regardless of the groundwater conditions.
In order to evaluate the mechanisms of the soaking durability, changes in mass of the
soaked specimens and the salt content of the soaked water were measured. Also, the X-ray
diffraction analysis and SEM observations were conducted. The results are shown in Figs. 2.27
and 2.28 and in Photo 2.5. In the ftrst stage of soaking, the salts dissolved into the soaked
water and the mass of the specimens decreased. In the following stage, which is identified by
the appearance of cracks or fractures in the specimens, the specimens increased in both mass
and volume, and the salt concentration of the soaked water rose remarkably. The X-ray
diffraction analysis and scanning electronic microscope observations clarified. that NaCI and
KClleached from the stabilized ash in the first stage, and consequently, the cement component
realized hydration to form some by-products, such as ettringite and calcium-aluminate hydrate
(CAB; CaO' Alz03 .H20). It can be concluded, therefore, that the soaking durability is affected.
by salt leaching and the hydration of cement components.
2.6 Conclusions
In this chapter, we discussed. the stabilization and utilization of fly ash and slag waste materials
from the standpoint of environmental geotechnology. Fluidized bed. combustion coal fly ash
(PCA), stainless-steel slag (S-slag) and municipal solid waste incinerated fly ash (MSW fly ash)
were assessed in tenus of their stabilization effect and geotechnical application. The main results
obtained in this chapteT can be summarized as follows:
(1) Due to its lime and gypsum contents, FCA showed remarkable strength development by
compaction and aging with or without a hardening agent, and thus, may be utilized for
embankments or as a road subbase material. In addition, there is little possibility of a
negative environmental impact due to harmful substances within this material.
(2) The use of the "Non-Dusty Method," which adds waste oil, is proposed and evaluated.
This method prevents dust effectively, and considering the hardening characteristics under
soaking conditions, the material treated by the Non-Dusty Method is applicable to earthen
works.
(3) The addition of FCA contributes to the stabilization and/or solidification of a soft ground.
From the perspective of soaking or the remolding durability, the soil materials stabilized by
FCA with or without Carbonated-Aluminate Salt (CAS) can be employed as earthen
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materials for embankments, road bases, and other similar applications.
(4) The field-scale tests showed that general construction concepts and equipment are available
for the proposed methods. The construction perfonnance and follow-up examinations
clarified that any ground or soil stabilized by FCA with CAS would be improved as well or
better than by using only an ordinary cement-based stabilizer.
(5) Two types of S-slag were tested as typical electric reducing slags to establish their potential
use as ground materials in view of their physical properties and chemical composition. The
main minerals constituting S-slag are merwinite (C~Mg(Si04)z)' diopside (CaMg(Si03)z),
magnesium aluminum oxide (MgO -AlZ0 3), and magnesium silicate (~-2MgO' SiOz)'
(6) The use of Carbonated-Aluminate Salt (CAS) accelerates the fonnation of hydrated by-
products, namely, CSH (CaD -SiOz -HzO) and CASH (CaD- Alz03 -SiOz-H20). It is thought
that these hydrates contribute to the strength development of S-slag mixtures, and that
strength deterioration due to the expansion of S-slags does not occur.
(7) With the addition of kaolinite, the specimens showed an improvement in durability. It has
been confirmed that the supplement of fine grain materials to S-slag brings about denser
mixtures.
(8) The durability of stabilized S-slag mixtures depends on the properties of the materials and
the curing conditions. Drying conditions with a raised temperature can accelerate the
hardening reaction of the stabilized S-slags. The Vacuum drying method proposed in this
study is effective for assessing the drying-wetting durability of mixtures stabilized by
cement because it achieves sufficient dehydration of specimens by keeping the temperature
constant and normal.
(9) From the standpoint of strength development and the durability characteristics of stabilized
S-slag, it is concluded that S-slag has the potential for use as a subbase course material if it
is treated with CAS and kaolinite.
(10) The cement stabilization of the municipal solid waste incinerated fly ash (MSW fly ash)
does not have enough of an effect on the strength development and the soaking durability.
The addition of cement can only contribute to the containment of heavy metals due to the
high level of alkaline.
(11) When using FCA as a stabilizing agent for MSW fly ash, the mixture exhibits high
strength and durability, however, the Cd leachate can not be prevented in the early stages
of curing.
(12) The multiple use of cement and FCA as a MSW fly ash stabilizer can attain strength
development, high soaking durability, and the containment of heavy metals. The method is
effective for landfJ1ling with MSW fly ash.
(13) The behavior of soluble salts contained. in the MSW fly ash can greatly affect strength
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development, the soaking durability, and the hardening reaction of the stabilized MSW fly
ash mixtures.
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CHAPTER 3
Stabilization and Utilization of
Sludge Materials
3.1 General Remarks
Many kinds of sludge and slurry are discharged in large quantities from various industries,
including construction works, and are regarded as waste under the Japanese legal system on
waste management. The amount of sludge generation per year adds up to more than 160,000
Gg, which is about 40% of the total waste being discharged. Only about 7% and 18% were
recycled and reduced, respectively, in 1990 in Japan (Environmental Agency, Japan 1995). The
treatment of sludge from construction works is one of the most important concerns in terms of
both geotechnical and environmental viewpoints. Waste sludge and slurry discharged from
construction works are generated at a rate of 15,000 Gg per year, and unfortunately, recycling
and treatment (reduction) ratios are very low, 2% and 6%, respectively (Ministry of
Construction 1995). Most of the sluny from construction works is merely disposed of,
therefore, and some of it is even illegally dumped. Consequently, a great potential for causing
goo-environmental and social problems exists. In addition, large quantities of sediment are
dredged annually from the bottom of harbors, lakes, and rivers in order to purify the water or to
maintain a navigable waterway. As the generation of such sludge close to the construction
industry is so immense, the treatment and disposal of it are important tasks for the prevention of
direct or indirect negative impacts on the environment and on society in general.
The sludge is basically a mixture of hazardous or nonhazardous solid particles and water
(or liquid). Most of it consists of a large amount of water in which a small quantity of solids
exists, and consequently, it exhibits a high water content of 100-1000%. Some sludge raises
environmental concern during and after treatment Dredged sludge sometimes exhibits toxicity
due to the hazardous chemicals which originate from the wastewater which is discharged from
industrial and domestic activities. In some construction slurries, organic compounds remain
which can lead to organic pollution and cause high values of COD (chemical oxygen demand) or
BOD (biochemical oxygen demand).
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Geotechnical considerations have been addressed in sludge management The engineering
behavior of sludge and slurry in sediment or mine tailings have been an important issue in
environmental geotechnology in recent decades (e.g., Kaman 1978; Zyl1993; Rollings 1994;
Morgenstern 1995). In particular, the solidification of seabed sludge has been researched using
ground improvement techniques in view of soil stabilization (Kamon et al. 1989; JSMS 1991;
JeA 1994; Ogino et al. 1994). Some researchers emphasized that these techniques can be
applied for the containment of hazardous substances as well as for solidification (Tashiro et al.
1979; Kujala 1989). Dehydration methods and equipment have also been developed for
economical treatment, especially for the waste slurry discharged from foundation works (Kita
and Tsuji 1981; Naemura and Ogawa 1992). As landfill sites in which the sludge can be
disposed of are limited at present, concepts and methods for sludge utilization should be
established for synthetic purposes, environment preservation, resource use, and social
requirements beyond these technical experiences.
In this chapter, the treattnent of the sludge close to construction works will be discussed
for utilization purposes. The present state of the proposed regulatory requirements and treatment
methods will be summarized in the Section 3.2. The cement stabilization method will be
evaluated through the assessment of a strength development mechanism, durability, and
environmental impact in Section 3.3, because the stabilization method must be applicable to the
treattnent of sludge with a remarkably high water content In Section 3.4, we will propose a
treatment system for slurry from construction works which consists of two methods,
dehydration and solidification, in order to attain an efficient treattnent, a decrease in volume,
stabilization, and recycling.
3.2 Background
3.2.1 Sludge Generation and Governmental Regulations
Waste sludge/slurry and waste turbid water are generated from foundation works in large
quantities. They cannot be released into rivers or seas, nor can they be reclaimed for
embankments as earthen materials. Waste slurry is a by-product of the slurry which is used in
the construction of cast-in-place concrete piles, continuous diaphragm walls, shield tunnels, and
other similar structures. Turbid water is discharged from tunnels or collected around new land
development areas by means of excavating, cutting and mUng embankments. The engineering
and environmental properties of waste slurry are strongly affected by their origins and the
applied methods, and are summarized in Table 3.1 (Kawachi et al. 1996).
Waste slurry and turbid water should be treated by a proper intermediate method; then the
treated. water can be released into rivers or sewage systems according to the environmental
criteria in Table 3.2. Of the criteria, the observance of SS (suspended solids), pH (potential of
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kfrfP3Table .1 roDertleS a waste s urry am construcnon war s
Ori1!in Composition Solid content
Excavation of soft ground Soil (Clay, Silt) above 50%
Slurry excavation method
Diaphragm wallar piling Bentonite, Polymer, 5-40%
Dispersant, Soil ...
Shield tunneling Bentonite, Soil (Clay), 5-50%
Foaming agent ...
Ground improvement Cement, Bentonite, 25-50%
(SMW DMM, Grouting) Soil ._. (able to harden)
Dredging Soil, Organic matter 10-30%
d d tl db IT bl 3? Effla e .- uent stan ar se t e )y aw
Water Environmental quality
Pollution Sewage standard
Control Law Law Rivers & Lakes Sea
SS (mg/l) 200 600 below 1 - -
below 25
pH 5 (5.8) 5-9 6.5 (6.0) 7.8 (7.0)
- 9 (8.6) - 8.5 - 8.3
BOD (mg/l) 160 (120) 600 below 1 -
- below 10
COD (mg/l) 160 (120) - below 1 below 2
- below 8 - below 8
Mineral oil (mgfl) 5 5 - -
Animal oil (mgJI) 30 30 - -
hydrogen), COD (chemical oxygen demands), and the oil content are important concerns in
teoos of the treatment of these wastes. Soils and dehydrated cakes are also produced by an
intermediate treatment. Only the soils fulfilling the criteria set down by the Ministry of
Construction (q" =2 kgf/cm2 (196 kPa) or qu = 0.5 kgf/cm2 (49 kPa», which classifies surplus
soil and waste slurry, can be utilized as earthen materials for embankments, backfill, and other
similar applications, while soils and cakes which are lower quality should only be disposed. of at
landfill sites and not be reused. In order that construction machinery and trucks can track on the
stabilized sludge, it should have a compressive strength of 50-100 kPa There are some cases,
however, in which an increase in strength over a long period of time is not required.. If the
stabilized sludge is placed in a shallow part of the ground, it has the potential to be excavated in
the future in order to re-construct the facilities, and thus it should not be stabilized too hard or
strongly.
3.2.2 Treatment Method
As sludge/slurry and waste water contain a large amount of water, dehydration is thought to be
an important and effective method of volume reduction. Figure 3.1 shows the ordinary flow of





Fig. 3.1 Ordinary flow of waste sludge/slurry management
Table 3.3 Dehydration plants and engineering properties of dehydrated cakes
Dehydrator Dehydrated cake
T e of deh drator Workin ressure Water content (%) Cone index (kPa)
Filter-press (ordinary) 500 - 700 kPa (0.8 - 0.9) x W L 100 - 1000
Filter-press (high-pressure) 4000 kPa (0.6 - 0.8) x wL 1000 - 3000
Belt-press 100 - 150 kPa 1.0 x wL 0 - 200
Screw decanter 500 - 2000 G (1.0 - 1.2) x w 0
wL : Liquid limit (%), G : Acceleration of gravity (9.8 m/s2)
characteristics of the waste slurry, the environmental criteria to be reached, and the geotechnical
applicability of the dehydrated. soil and environmental compatibility of the treated water.
Although the most important process is dehydration, sludge is difficult to dehydrate rapidly
since it contains many fme particles. For slurry excavation methods in which bentonite or
polymers such as carboxyl-methyl cellulose (CMC) are often used to regulate the viscosity,
these dispersants remain in the waste slurry and make it very difficult to dehydrate. In order to
solve this problem, certain kinds of flocclulant chemicals and dehydration plants have been
developed and utilized. Inorganic materials such as Al2(S04)3 and PAC (polyaluminium
chloride) and polymers such as polyaclylarnide are usually used as flocculating agents. Table
3.3 shows the dehydration plants which have been developed. Use of the Filter-press method
and the Roller-press method is becoming widespread.
Many attempts have been made recently to utilize sludge. Treatment techniques and their
applications are summarized in Fig. 3.2 (Kawachi et aI. 1996). The newly-developed special
techniques can be divided into three broad categories. The first group is comprised of the
techniques which realize the value added based on traditional soil stabilization methods.
Representatives of this are the ''Liquefied soil stabilization method" in which fresh cement-soil
mixtures are slurried for backfilling, the ''Light weight soil stabilization method" in which EPS
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Fig. 3.2 Concept of relationship between treatment method and application of
construction waste sludge/slurry
(expanded poly-styrene) and/or air bubbles with cement are used, and the "Geotextile tube
dehydration method" in which sludge is poured into a fabric tube to be dehydrated (Mild et al.
1992 and 1994). The second group of technique contains advanced technological methoos, such
as "melting" or "baking", in which the high cost and energy are invested. Slag and bricks are
produced with these methods and are satisfactorily utilized as construction materials due to their
excellent engineering properties (Kawachi et al. 1994; Tanaka et al. 1994; Kajihara and Kusumi
1994). The last group of techniques focuses on the basic properties and chemical composition
of sludge and realizes its utilization as a raw material. Tay and Show (1990) and Kamon and
Nontananandh (1991) proposed methods wherein the cement can be made from the sludge from
industrial works by baking.
Solidification and dehydration maintain major positions in Fig. 3.2. Recently, researchers
have tried to apply these methods not only for the treannent of waste slurry, but also for
recycling as earthen materials, such as embankment (e. g., Ogino et al. 1994). As the soil to be
solidified exhibits such a high water content, the hardening mechanisms and the durability are
important concerns in order for the methods to be widely distributed. Volume reduction is
another big point, and therefore, solidification and dehydration must be properly executed for an
effective treatment. Environmental concern should be felt during the assessment of sludge
utilization.
3.3 Solidification of Waste Sludge
3.3.1 Hardening Effect of Cement Stabilized Sludge
(1) Experimental procedure
The investigation of hardening effects and mechanisms is one of the most important concerns in
sludge solidification, as stated in Sections 3.1 and 3.2. A series of the experimental studies was
conducted on sludge dredged from a river bottom. The sludge was sampled from the sediment
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Natural water content (%) 430.3
Wet density (g/cm 3) 1.105












































Extraction of n-hexane (m gJk )
df b'l'd h . Ia e xtures an c emlca composItIOn 0 sta I Izers use
Mixing pro Jortion (%) Chemical composition (%)
Type Cement Gypsum PBFSC S-slag CaO SiO~ AL,OI, FeryO~ SQ'l,
HC 100 - - - 63.8 22.1 5.0 3.0 2.0
HCS 95 - - 5 62.1 22.0 5.3 3.2 1.9
HCG 90 10 - - 61.3 19.9 4.5 2.7 7.3
HCL 50 - 50 - 59.3 24.1 6.7 2.6 2.0
T bl 36 Mi
PBFSC: Portland blast-furnace slag cement (B-type)
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layer, 0-2 m in depth in a river bottom in Osaka City. The physical properties and chemical
composition are presented in Tables 3.4 and 3.5, respectively. The natural water content was
very high (higher than 400%), but the particles did not sediment and the sludge maintained a
slurry condition. The suspension phenomenon may be due to the high composition of organic
components which is indicated by the high value (24%) of ignition loss ratio. These organic
components behave as a hydrophilic colloid; they can adsorb and cover the surface of soil
particles, and consequently, prevent the particles from flocculating.
The stabilizing agents used in the test studies are the materials shown in Table 3.6. In the
case of the stabilization of soft soil with a high water content, a specially blended stabilizer with
cement, gypsum, and slag is used. In particular, a mixture of gypsum and cement can be
effective in promoting the formation of etoingite (3CaO' ~03 . 3CaS04 . 32H20), one of the
hydrated by-products (Kutara et al. 1984). Some researchers have emphasized that waste
materials, such as stainless-steel slag, can be effectively applied to sludge stabilization (Kamon
and Supakij 1990).
The specimens were prepared for the unconfined compressive strength tests in accordance
with the Practice for Making and Curing Noncompacted Stabilized Soil Specimens (JGS T 511-
1990). An X-ray diffraction (XRD) analysis and scanning electron microscope (SEM)
observations were performed on some samples whose strength tests were completed in order to
assess the mechanisms of the hardening reaction.
(2) Strength development
Strength developments are shown in Fig. 3.3. Strength development characteristics are strongly
affected by the type of stabilizer used. The applicability of stabilized sludge to a shallow part of
the ground, such as a subgrade or embankment, is recommended from the range of developed
strength. It can be judged from the strength development characteristics. The stabilized sludge
should have a strength higher than 50 kPa at an early stage (I day or 7 days) in order to be
regarded as soil and not as waste, should reach about 100 kPa in 7 days in order to be utilized
as a subgrade or embankment, and should maintain a strength lower than 300 kPa over a long
period (28 or 90 days) because it may be excavated again in a future re-construction.
When using HC (only cement), the addition of 180 kg/m3 of HC brought about a higher 7-
day strength than 50 kPa to be regarded as soil. The sludge stabilized by 240 kg/cm3 of HC is
applicable to subgrade as it reaches 100 kPa, however, it is not suitable for subgrade because of
its remarkably high strength over a longer period. The addition of HCS has a similar tendency
as that for HC. Since the sludge stabilized by HCL exhibits the highest strength development,
especially over a longer curing period, the application of HeL stabilized sludge for various
purposes can be considered. It is not recommended, however, for use as an earthen material for
a shallow ground due to its remarkably high strength over a long curing term. In terms of its
applicability to subgrade or embankments, HCG can be the most suitable stabilizer for sludge
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Fig. 3.3 Strength development of stabilized sludge
strength over a longer curing period. The sludge stabilized by HeG can be applied to
embankments or subgrade with a wide range of additive content, such as 220-260 kg/m3, if the
criteria is set as a higher 7-day strength than 100 kPa and a lower 28-day strength than 300 kPa.
(3) Hardening mechanism
From the XRD patterns of the stabilized sludge, shown in Fig. 3.4, calcium aluminate
carbonated hydrate (7CaO' 2A403 . CaC03 . 24H20) and ettringite (3CaO . Alz03 . 3CaS04 .
32~O) were the main compounds detected.
The formation of ettringite is believed. to have a stabilizing effect on soft ground or sludge
and other materials, although it negatively affects concrete due to the expansion phenomenon.
Ettringite contributes to the stabilization of soft clay because it forms with a large amount of
water, consists of 46% H20, as shown in Table 3.7, and consequently, decreases the liquid
phase. It is also believed. that the fonnation of ettringite is not greatly affected by the organic
matters contained in hedoro. From Fig. 3.5, the development of strength correlates to the XRD
intensity of ettringite only in using HCG as a stabilizer, while the sludge stabilized by the other
stabilizers (HC, HeS, and HCL) does not show any correlation between the XRD intensity of
























a) '7 days b) 28 days
Cc : Calcium aluminate carbonated hydrate
Et : EtlTingite
Fig. 3.4 XRD patterns for stabilized sludge
rodd .f h . ala e . omvosltlon 0 c enuc compoun s 10 reactton pJ ucts
Chemical composition (%)
Reaction products Cao Caso CaCO Al.,O~ H~O
ettringite 13.3 32.4 - 8.6 45.7
(3CaO' AlZ0 3 . 3CaS04 • 32HzO)
calcium aluminate carbonated hydrate 34.4 - 8.8 18.9 37.9
(7eaO' 2Al.,O'\ . CaCO,\ . 24H.,O)
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Fig. 3.5 XRD intensity of ettringite and compressive strength
water content, it may be one of the most important effects to contain water during hardening in
order to stabilize it The other by-products or reaction mechanisms must therefore be noticed
with regard to water containment.
Figure 3.6 shows the relationship between the XRD intensity of calcium aluminate
carbonated hydrate and the gained strength. In contrast to the relationship between ettringite and
the compressive strength, shown in Fig. 3.5, there is a strong correlation between the calcium
aluminate carbonated hydrate and the strength development when the three stabilizers, HC,
RCS, and HCL, were used, which is independent of the types of stabilizers. The strength
development has no correlation to this hydrated by-product as to HCG. It can be concluded
therefore, that not only does the ettringite contribute to the strength development of sludge with
a high water content, but also calcium aluminate carbonated hydrate.
Calcium aluminate carbonated hydrate is a hydrated by-product which has recently been
detected through XRD analyses. Except for its detection in lime-stabilized soil, which was cured
for a long time (Shimoda et al. 1991), research has been insufficient on this reactive compound.
The reason why this rare by-product was used. is due to the remarkably high water content of
the sludge. The formation of calcium aluminate carbonated hydrate requires a large amount of
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Fig. 3.6 XRD intensity of calcium aluminate carbonated hydrate and
compressive strength
to include dissolved CO2, As a result, the dissolved CO2 contributes to the fonnation of calcium
aluminate carbonated hydrate, and consequently, to the development of strength.
The reason why such compounds as calcium aluminate carbonated hydrate and ettringite
are generated during sludge solidification should be addressed. The generation of these
compounds can be clearly affected by the type of stabilizer used. From the composition of
chemical compounds shown in Table 3.7. the fonnation of calcium aluminate carbonated
hydrate needs larger amounts of alumina than the fonnation of ettringite. HCL has the highest
content of Alz03' as shown in Table 3.6, and therefore, the fonnation of calcium aluminate
carbonated hydrate is thought to be remarkable, and the highest strength was developed. With
regard to ReG, Alz03 is consumed to form ettringite because of the existence of gypsum as a
component, and consequently, calcium aluminate carbonated hydrate does not form. One of the
distinctive characteristics of calcium aluminate carbonated hydrate is its relation to the curing
period; sludge stabilized by HCL continues to develop strength over a long curing time,
although a remarkable increase in strength over a long period of time was not detected from
sludge by HC and HCS. As control of the strength development is very important in terms of
design and application, further research on the fonnation of calcium aluminate carbonated
70
(a) HC 260 kg/m3
(b) HCG 260 kg/m3
(c) HCL 260 kg/m 3
Photo 3.1 SEM micrographs of stabilized sludge at 7 days
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hydrate is required from the viewpoint of strength development.
Photo 3. 1 shows the SEM photos of the stabilized sludge. The crystals of ettringite have a
needle-like shape, 0.0005 mm in diameter and 0.01 mm in length They were detected from
sludge stabilized by HCG, which is considered to contribute to the strength development The
etttingite crystals intertwine with each other and the voids between the soil particles are filled.
With respect to HC and HCS, the needle-shaped ettringite was also detected, which was not
remarkable. Instead of ettringite, a hexagonal plate was mainly detected between the soil
particles, and was identified as calcium aluminate carbonated hydrate through an element
analysis with an X-ray micro analyzer. It is thought that the formation of calcium aluminate
carbonated hydrate contributes to the filling in of pore volume and the strength development
In conclusion, ettringite and calcium aluminate carbonated hydrate contribute to the
development of strength by means of water containment, with regard to the stabilization of
sludge with a high water content With respect to strength development characteristics, the
existence of alumina and gypsum affects the formation of these by-products and the strength
development characteristics related to the curing age. If a remarkable increase in strength over a
longer curing age is not desired, the use of gypsum can be effective because existing alumina
will be consumed for the formation of ettringite at an early stage.
3.3.2 Durability of Cement Stabilized Sludge
(1) Experimental procedure
If the solidified sludge is not dumped but reused as an earthen material in construction works, a
durability assessment may become an important concern. Particularly, as the sludge whose
stabilization is addressed in this chapter has a remarkably high water content, the influence of
water removal and seepage due to drying-wetting conditions must be taken into account.
Stabilized sludge will be subjected to drying and wetting cycles. Therefore, durability tests
against drying-wetting cycles were performed on the sludge stabilized by hardening agents.
Three types of soils were used in this study whose properties are shown in Table 3.8.
They all have similar chemical and mineral compositions as they originated from the same
general vicinity in Lake Biwa Their consistency characteristics such as the liquid and the plastic
lirnitst however, were different due to the sediment environment in the lake and the storage
conditions in the laboratory. The hardening agents used are shown in Table 3.9. They are
cement, a cement and FCA mixture (fluidized bed combustion coal fly ash, discussed in Chapter
2), and a mixture of cement, FeA, and sodium carbonate. The chemical composition of the
FCA used here is shown in Table 3. 10. The specimens were also prepared in accordance with
the Practice for Making and Curing Noncompacted Stabilized Soil Specimens (JGS T 511-
1990). Based on the results discussed in Section 2.4, the samples were cured under the
following conditions, as shown in Table 3. 11.
(1) The samples were sealed and cured at a constant room temperature of 20t: with 80%
relative humidityt called "Normal curing".
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Table 3 8 Physical propertIes and chemical composition of clay soil used
2.64 2.63 2.62
Clay A Clay B Clav C
















































dfth bTa e xmg DroportlOns 0 e sta 1 lzers use
Mixing proportion (%)
Symbol Cement FCA Na.,ffi"l.
Cement 100.0 - -
Stabilizer I 75.0 25.0 -
Stabilizer II 67.5 25.0 7.5
T bl 39 Mi'
Table 3.10 Ph sical ro erties and chemical composition of FCA
Panicle density (glcm 3 ) 2.28
Blaine specific surface area (cm1jg) 2868
Ignition loss (%) 39.2
Chemical composition (%)
SiOz 23.8












1) Leachate components were measured by the
leachate test set down by the notification of the
Environmental Agency, Japan.
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Table 3.11 Experimental conditions for drving-weninl! test
Curing conditions
Items Dryinl! Wetting
(1) Nonnal curing sealed, 20 + 2°C I 80 % RH
(2) Drying(40°C)-wening
(3) Drying(vacuum)-wetting
electric furnace, 40 + 3't
48 hours/cycle






(2) Mter being cured and soaked for 6 days and 1 day, respectively, the samples were dried in
an electric furnace at 40t for a 48-hour cycle and stored in water for a 24-hour cycle,
called 'Vrying(40 "C)-wetting".
(3) Mter being cured and soaked for 6 days and 1 day, respectively, the samples were dried in
vacuum desiccators at 20"C for a 48-hour cycle and stored in water for a 24-hour cycle,
called "Drying(vacuum)-wetting";
Mter being cured under the above conditions, unconfmed compressive strength tests and
an XRD analysis were conducted.
(2) Influence of drying-wetting on the stabilized sludge
Figures 3.7, 3.8, and 3.9 show changes in weight and volume, compressive strength, and
defonnation modulus, respectively, under repeated cycles of drying and wetting. As judged
from Fig. 3.7, the vacuum desiccator can work as well as thermal drying at 40"C in terms of
water removal by drying, which was also discussed in Section 2.4. The compressive strengths
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Fig. 3.10 XRD patterns for stabilized soils subjected to drying-wetting
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due to shrinkage. The strengths by "40t drying" and "vacuum drying" were higher than 2
MPa and 1. 5 MPa, respectively, while strengths of the nonnally cured samples were only about
1 MPa. As the difference in shrinkage between "40t drying" and ·'vacuum drying" was not
detected from Fig. 3.7, it is thought that heating accelerates the hardening reaction and
contributes to the strength development in the case of "40t drying." As a result, even after
each wetting step under rVrying(40 C)-wetting" the strengths were higher than those under
'Vrying(vacuwn)-wetting." This means that since the durability can be overestimated when the
thennal drying method is applied, the drying methcxl which uses a vacuum desiccator was
clarified to be more effective for the drying-wetting durability assessment
Repeated cycles of drying and wetting negatively affected the modulus of defonnation
more than the compressive strength in Fig. 3.9. The samples subjected to drying and wetting
cycles grew brittle due to the fonnation of very fIne cracks, which is believed to influence the
deformation modulus rather than the decrease in strength.
From the XRD patterns of the stabilized sludge shown in Fig. 3.10, CSH (calcium silicate
hydrate; CaO· SiOz . HzO), CASH (hydrated geWenite; CaO' ~03 . SiOz . HzO), and ettringite
(3CaO . A403 . 3CaS04 . 32HzO) were detected as the main hardening reactive products, and
were influenced by the drying-wetting cycles. Ettringite was the most seriously affected reactive
products. It disappeared due to the drying steps and recovered after the watering steps. Similar
phenomena were also reported by Takano and Sakamaki (1984). With regard to CASH, it
disappeared during the drying steps in Drying(vacuum)-wetting and was not fully recovered in
the wetting process, but it was not affected by the Drying(vacuum)-wetting cycles. The
production of CSH, which is considered to contribute strongly to the strength development,
rose only during the drying step at 40t. Therefore, the drying method using a vacuum
desiccator is effective because it has less influence on the hardening reaction.
(3) Drying-wetting durability of the stabilized sludge
Figure 3.11 shows the changes in strength of the sludge samples subjected to drying-wetting
cycles. The initial water content of the 3 soils was adjusted to 92%, 85%, and 80%,
respectively, so that a 15% addition of cement may lead to a developed strength of 700-1000
MPa. An acceleration of the hardening reaction due to heat drying in Drying(40 C)-wetting was
also clearly observed, as the subjected samples have 300-500 kPa higher strengths than the
samples subjected to Drying(vacuum)-wetting. Even the samples which had a 7-day strength
above 900 kPa were stronger than the nonnally cured samples. Samples with a 7-day strength
above 900 kPa did not deteriorate remarkably in strength under the Drying(vacuum)-wetting
condition. With regard to Soils B and C with a 15% cement addition, which had similar 7-day
strengths, stabilized Clay C subjected to Drying(vocuum)-wetting had a higher strength in
comparison with the NonnaJ curing condition after 28 days, while the hardened Clay B
subjected to Drying(vacuwn)-wetting deteriorated in strength compared with the samples cured














































































Fig. 3.12 Volume change of stabilized soil subjected
to drying-wetting
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and Soil A, and this agrees with the order of the liquid limit and the plastic index of the soils as
well From the volume changes under repeated cycles of drying and wetting, shown in Fig.
3.12, it is thought that the shrinkage due to drying may have a influence on the drying-wetting
durability of the stabilized soils. In addition, the order of shrinkage was also in agreement with
the order of durability. The shrinkage of the soils is believed to be strongly reflected by the clay
content, the mineral composition, and other properties, as summarized by Kamon and Asakawa
(1988) and Mitchell (1992). It can be concluded that the drying-wetting durability depends on
the properties of the soil to be stabilized, such as the liquid limit and the plastic index. The
accumulation of repeated strain due to drying and wetting leads to the deterioration of the
material properties.
The influence that the water content has on the drying-wetting can be evaluated from Fig.
3.13, in which Soil A, with three levels of water content, was stabilized and then subjected to
drying-wetting conditions. Although it was clarified in Fig. 3.11 that the stabilized soil with a
higher 7-day strength than 900 kPa is stable against drying-wetting, a remarkable decrease in
strength of the stabilized soil (115% water content, 20% cement addition) was detected due to































Fig. 3.13 Stre.ngth ch~ge of stabilized soil
subjected to drying-wettmg
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soil with an 85% water content and a 15% cement addition had a similar strength level to the soil
with a 92% water content The strength of the fonner was greatly heightened by the drying-
wetting, while the latter deteriorated in strength due to drying-wetting. It can be concluded,
therefore, that the water content of a soil as well as the developed strength affects the drying-
wetting durability.
Figure 3.14 shows the strengths of the soil stabilized by three types of stabilizers and
subjected to drying-wetting. Stabilizer II showed a remarkable decrease in strength under
drying-wetting conditions. The reason for this is that the sodium carbonate (NazC03) of the
stabilizer component contributes to the hardening reaction due to the formation of carbonate salt,
such as calcium carbonate, and the carbonate salt solves into the water. Consequently, this has a
negative effect on the durability against drying-wetting. Stabilizer I produced a more durable
mixture than the other two stabilizers. This is because the addition of FCA works to reduce the
water content while it can not directly or chemically contribute to the hardening reaction.
SIJhilizcr ICcmclH I II








Fig. 3.14 Strength change of stabilized soil
subjected to drying-wetting
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3.4 Utilization System of Waste Sludge from Construction Works
3.4.1 New Utilization System of Waste Slurry
(1) Outline for Utilization System of Waste Slurry
Waste slurry is a mixture of excavated soil and water and is discharged from many kinds of
excavation works. Generally, it contains many fme particles and is difficult to dehydrate rapidly.
In the case of slurry excavation methods in which bentonite or polymers such as carboxyl-
methyl cellulose (CMC) are often used for regulating viscosity, these dispersants remain in the
waste slurry. Therefore, the slurry is very difficult to dehydrate. In solidifying slurry, a large
amount of hardening agent (e. g., cement) is needed to solidify the waste slurry in order to attain
the proper strength.
In order to solve this problem we propose a new utilization system for waste slurry. The
conceptual outline of the system is shown in Fig. 3.15 (Kamon and Katsumi 1994). It is seen
that this system consists of parallel dehydration and solidification methods which result in such
resources as efficiency, a decrease in volume, stability, and recycling. It is proposed that the
waste slurry, to which a kind of Carbonated-Aluminate Salt (CAS) and FCA is added as
flocculants, should be dehydrated. for volume reduction. The dehydrated cakes can easily attain
the strength criteria set down by the Ministry of Construction, especially when using a high
pressure dehydrator. Therefore, these dehydrated cakes can be directly applied as embankment
and/or subgrade materials. Also, the discharged water satisfies the environmental standards for
the potential of hydrogen (pH) and suspended solids (5S). In the solidification method, it is
suggested that the slurry be stabilized by CAS and FCA to increase the strength for embankment
or subgrade purposes. The use of FCA can be very effective from both a technical and an
economical point of view.
(2) Selection of Treatment Methods
The selection between the two above-mentioned methods is based on the character of the waste
slurry. Founded on the experience gained from dehydration experiments and various kinds of
dehydration properties of waste slurries, it has been proposed that density (p) and viscosity (Il)
be used as the criteria for the selection. The viscosity is a funnel viscosity measured with a 500
ml-funnel according to American Petroleum Institute standards. These parameters are
universally measured to control the character of the slurry at excavation sites. Figure 3.16
shows three different kinds of slurry (A, B, and C) with independent P-Il characteristics due to
the containment of CMC, bentonite, and soil particles. The solid content indicated by the density
of the slurries and the funnel viscosity increased. by the remaining bentonite and CMC can show
the possibility for the effectiveness of the dehydration treatment An attempt to reduce the
volume by dehydrating a high solid content slurry is not always the best strategy from technical
and economical viewpoints. Slurries with a low density can be dehydrated easily. However, if
the slurries have a high viscosity due to dispersant remnants, the slurries then are difficult to
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Dehydration method Yes
Addition of CAS-FA -3~





















1) P; density of waste slurry.
2) ).l; funnel viscosity with 500 cc-funnel of waste slurry.
3) CAS; Carbonated-Aluminate Salt.
FA; Fluidized bed combustion coal ash.
4) Strength criteria; qc ~ 2.0 kgf/cm2 (=196kPa) or
qu ~ 0.5 kgf/cm2 (=49kP.a)
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dehydrate. Given the above parameters, waste slurries with a p~va1ue higher than 1.2 g/cm3 or a
Il-value higher than 22 seconds can be treated effectively by solidification.
(3) Materials
CAS used as flocculating and hardening agents are differential mixtures of Portland cement,
namely, ~(S04)3' N~C03' caS04, and so on (shown in Table 3.12). The effectiveness of
CAS as a hardening agent was addressed in Sections 2.3 and 2.4. The newly developed CAS
flocculant has the following properties:
(1) rapid flocculation,
(2) neutrality (pH = 5.0-9.0),
(3) impossibility of contamination by organic matter or chlorine compounds due to its
composition,
(4) simple operating management due to the non-existence of an optimum additive content.
The FCA used in this study is derived from the fluidized bed combustion system discussed
in Section 2.3. FCA contains gypsum and lime because of the use of a desulphurizer and an
incomplete oxidation reaction in the combustion method. The properties of the FCA used here
were presented in Table 3.10. It is important to assess the environmental impact induced by the
utilization of waste materials such as FCA The leachate levels of hannful components from
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Table 3.13 Waste slurry sam les used
Sam Ie Origin
Waste slurry A shield tunnel work
Waste slurry B shield tunnel work
Waste slurry C cast-in-place concrete pile work
Waste slurry D mixture of bentonite and water
Waste slurry E cast-in-place concrete pile work
Waste water A sludge dredged in a river
Waste water B by erosion of laterite ground
Waste water C muddy ond water
FCA are very low against the environmental quality standards. It can be applied effectively,
therefore, in a utilization system for waste slurry without concern for the environmental impact.
In order to evaluate the effectiveness of this system, test studies were carried out on the
waste slurry samples illustrated in Table 3.13.
3.4.2 Dehydration Method by a New Flocculant
(1) Flocculation and Dehydration Characteristics
The addition of CAS and CAS-FCA (a mixture of CAS and FCA at a ratio of 5:2) causes the
immediate formation of floes 0.5-1. 0 mm in diameter and a distinct boundary between solid
(floes) and water, while the slurries with PAC or F~(S04)3 have floes which are too small to
allow the observation of the separation of the water phase from the slurry. In this case, the
slurry has a density under 1.1 glcm3.
As shown in Fig. 3. 17, typical floe sedimentation characteristics measured with WOO ml
mess cylinder, CAS and CAS-FCA have a better improvability rate in sedimentation than the
other floeculants. Although the tendency for sedimentation is less effective and remains
unchanged in spite of the variation in the additive contents of PAC, an increase in CAS and
CAS-FCA causes the formation of larger floes, and consequently, efficient sedimentation. Due
to the close relation between the amount of additive and floeculation, CAS is thought to be more
practical for use in dehydration plants from an operational management point of view.
It is important to investigate the durability of floes formed when the slurry is transported in
dehydration plants. Although the floes formed by CAS are completely destroyed within 5
minutes by the churning of an agitator, floes are reformed by halting the churning of the slurry.
A small decrease in sedimentation veloeity is caused by churning, as shown in Fig. 3.17.
Nonetheless, it is determined that the floes produced by CAS and CAS-FeA are durable enough
to be used in dehydration plants.
Consolidation tests on samples 6 em in diameter by 6 em in height were carried out with an
oedometer on sludge sedirnented for 30 minutes. The dehydration of slurry with a low density
(Fig. 3.18 (a», was achieved with CAS and CAS-FCA by compression because of the large
and strong floes. Many of the suspended solids were intermixed with discharged water, not
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Fig. 3.17 Sedimentation characteristics of Waste slurry A with flocculants
to the examples of compression curves shown in Fig. 3.18 (a), it takes 5-10 minutes for the
slurry with CAS to reach its fInal volume by compression, which is applicable to a practical
dehydrator.
It is believed that the improvability of CAS depends on the density level of the slurry. In
treating high density slurry, as shown in Fig. 3.18 (b), CAS was not more effective than the
other flocculants. Tables 3.14 and 3.15 indicate the possibility of dehydrating slurries by
consolidation at various levels of density. The samples marked 'x' in the tables flocculated too
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Consolidation pressure: 9.8 kPa
1) : with 10 mill addition of Polymer B 0.01 % solution
2) : with 20 mill addition of Polymer A 0.1 % solution
3) : 5 % CAS solution
Fig. 3.18 Consolidation curves of Waste slurry A with flocculants
l"d .drd .bfd h dT bl 3 14 Pra e . operty 0 e ranon )y canso 1 anon an canso 1 atlOn hme
Type of Additive Density of slurry (g/cm3)
flocculant content 1.210 1.184 1.144 1.116
- 40 (87.1) - - -
CAS-FCA 28 gil 30 (13.4) 25 (6.4) X -
CAS-FCA (L) 200 mllI X X 12 (347) 8 (345)
PAC') 20 ml/l 25 (9.0) 15 (133) - -
PAC!) 10 rnllI - - 12 (6250) 8 (284)
Sample: Waste slurry B
Consolidation pressure: 549 kPa (after 78 kPa for 5 minutes)
CAS-FCA (L): mixture of CAS-FCA and water (14: 100)
Unbracketed numbers indicate the time (minute) to reach the final volume by compression,
and bracketed numbers indicate the 55 (mg/l) of discharged water.
"X" indicates that the samples flocculated too insufficiently to consolidate.
1) with 10 ml/l addition of Polymer B 0.01 % solution.
86
rd .drd .fdhdr" ba e . ooertvo e anon )V canso 1 anon an canso 1 atJon tJrne
Type of Additive Densi V of SIUITV 'f!/cm3)




CAS 20 gil X - - - -
CAS (L) 600 ml/l - - X 9 (215) 9 (0.5)
CAS (L) 200 ml/l X X X X X
PAC 40 rnl/l X X X X X
PACll 40 ml/l X X 12 (1569) 8 (4.7) 8 (59.6)
PAC 10 ml/l X X X 8 (3.7) X
PAC I ) 10 ml/l X X X 8 (5.8) 7 (9.7)
Fe2( S04)3 200 ml/l X X X X XFe~(SO,), 1) 200 ml/l X X 1305.8) 8 (1.8) 7 (4.7)
T bI 3 15 Pr
Sample: Waste slurry C
Consolidation pressure: 549 kPa (after 78 kPa for 5 minutes)
CAS (L): mixture of CAS and water (10:100)
Unbracketed numbers indicate the time (minute) to reach the final volume by compression,
and bracketed numbers indicate the SS (mg/l) of discharged water.
"X" indicates that the samples flocculated too insufficiently to consolidate.
1) with 10 ml/l addition of Polymer A 0.1 % solution.
insufficiently to consolidate. CAS contributes to the improvability of low density slurry (Table
3.14). In the case of a slurry with a high viscosity level due to the remnants of CMC or
bentonite, the flocculation will not come about by adding CAS (Table 3.15) even though it has
low density. In order to dehydrate slurries containing bentonite, the bentonite must be gelled by
the addition of flocculants. PAC and F~(S04)3 can cause the bentonite to gel because of cation
exchange, and therefore, are more effective in the dehydration of bentonite slurry than CAS. In
conclusion, it is very difficult to treat slurries with high density or high viscosity by the
dehydration method from technical as well as economical viewpoints.
(2) Properties of Dehydrated Cakes
Figures 3.19 and 3.20 show the 'Ie values translated from fall-cone penetrations (600 tip angle
and 60 g of mass) of the cakes dehydrated by a small-sized Filter-press test (Kaman et aI. 1993).
In the Filter-press system, the slurry (3000-5000 ml) was poured with flocculant into one a
fIltration compartment 12 em in diameter and 3 cm in height for 60 minutes at an air pressure of
686 kPa When treating Slurry B, the cakes treated by CAS had as high or higher strength than
the cakes treated by the other flocculants. When slurry contains bentonite, the cakes treated by
CAS are much lower in strength due to insufficient flocculation, as stated above.
It must be noted that the qc values translated from the fall-cone penetrations differ from the
values of the regulatory criteria set down by the Ministry of Construction, which classifies
useful soil and waste sludge (qc = 2 kgf/cm2 := 196 kPa). Most of the cakes obtained from the
small-sized Filter-press test can not fulfill the criteria for utilization as earthen materials.
However, based on experimental research on the relationship between qu and the fall-cone
penetrations of the cakes dehydrated by Filter-press and Roller-press systems (Kita and Tsuji
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Fig. 3.21 Strength characteristics of dehydrated cakes
1981), a compressive strength of 0.5 kgflcm2 (= 49 kPa), the criteria of the Ministry of
Construction, corresponds to about 2 mm of fall-cone penetration, which is translated to 140
kPa of <k. Therefore, dehydrated soil cakes treated. by CAS can be utilized for embankments or
reclamation.
There are some strategies for obtaining cakes with higher strength. The dehydrated cakes
treated by CAS-FCA have higher <k values than the cakes treated by CAS only, as shown in Fig.
3.21. In this case, the <k values of the cakes with CAS-FCA consolidated by high pressure (2.5
MPa) reach the criteria established by the Ministry of Construction. Although dehydration
pressures in common dehydrator plants are equivalent to 0.5-1 MPa, the new Filter-press plants
which achieve dehydration by a high pressure level of 4 MPa have been developed. Thus, a
combination of CAS-FCA with high pressure Filter-press plants can produce dehydrated cakes
directly utilized as earthen materials such as embankments, subgrade, and other similar
applications.
(3) Properties of Discharged Water
In using CAS as a floeculant, the supernatant water and the discharged water satisfy the
environmental quality standards (pH and S8), as shown in Table 3.16. The lack of turbidity in
the discharged water depends on the effect of floeculant inducing flocculation. Since CAS flocs
themselves and the formed floes incorporate suspended soil particles, there are few SS
remaining in the supernatant water. Due to the effect of the cation exchange, the discharged
water treated by PAC and FeiS04)3 is both turbid and acidic. It is feared that by using PAC in
Filter-press plants, excessive compression may result in the turbidity of the discharged water. It
has been confirmed that the utilization of CAS contributes to water purification, such as BOD
(biochemical oxygen demand), N (nitrogen), and P (phosphorus), as shown in Table 3.17.
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Table 3.16 Ouality of water discharged bv sedimentation and consolidation tests
Sample Type of Additive Polymer Type of
flocculant content additive expenmen SS (mg/l) pH
content
Waste slurry A CAS 1.0 gil - S 2.6 -
(p = 1.06 g/cm3) 2.0 gil - S 1.8 -
10.0 gil - S 3.5 -
CAS-FCA 1.4 gil - S 1.4 -
2.8 gil - S 1.4 -
14.0 gil - S 3.0 -
PAC 20.0 m]Jl 10 m]Jl 2) S 428.4 -
CAS 10.0 gil - C 2.1 7.5
CAS-FCA 14.0 gil - C 4.0 7.8
PAC 20.0 mill 10 mIll 2) C 5644.3 4.4
Waste slurry B CAS (L) 600 ml/1 - F 11.4 7.4
(p = 1.15 g/cm3) 200 m1/l 100 mill 3) F 27.6 7.6
PAC 10 ml/1 400 mIll 3) F 13.4 6.8
10 m]Jl 200 m]Jl3) F 168.0 7.0
40 ml/1 200 mIll 3) F 380.0 6.4
Fe2(S04)3 200 ml/1 200 m]Jl 3) F 0.1 7.0
200 mIll 400 mIll 3) F 15.8 7.0
Waste water A no addition - - S 756.6 6.2
CAS 0.1 gil - S 9.1 6.8
0.5 gil - S 2.9 6.9
Fe2 (S04)3 0.1 gil 50 m1/l 3) S 304.8 4.3
0.5 gil 50 mIll 3) S 140.8 3.5
Waste water B CAS 0.10 gil - S 37.0 7.3
0.15 gil - S 31.0 7.2
0.20 gil - S 57.0 6.9
PAC lml/l 10m]Jl2) S 5.0 7.0
5 ml/1 10 m1/12) S 158.0 4.4
10 ml/l 10 m1/12) S 468.0 4.1
1) S: sedimentation test, C: consolidation test, F: small-sized Filter-press test.
2) Polymer B 0.01 % solution
3) Polymer A 0.1 % solution
Table 3.17 Qualitv of waste water treated by CAS
Laboratorv tests Field tests
untreated treated untreated treated
pH 7.0 6.9 7.6 7.4
COD (mg/l) 7.5 4.0 2.6 1.0
BOD (mg/l) 3.0 1.0 4.0 2.0
T-N (mgll) 8.7 0.9 0.75 0.57
T-P (mg/l) 0.19 0.02 0.11 0.01
T-Fe (mgll) 1.9 0.09 1.7 0.52
Ca2+ (mg/l) 9.6 16.0 8.6 19.0
Turbidity (degree) - - 37 6
Sample: Waste water C
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Naturally, not only these indexes but also heavy metals and other harmful components must be
considered. Since it is merely that the waste slurry has a hannful composition, the dehydration
method does not discharge the harmful treated water due to the leachate components of FCA and
the well-known composition of CAS.
(4) Application of the Dehydration Method
CAS as a flocculant has been used at some construction sites on an experimental basis and the
following advantages have been observed: simple execution management, peel-off
characteristics of dehydrated cakes from fIlter cloth, and dehydration characteristics due to the
low viscosity of slurry with CAS.
3.4.3 Solidification Method by Coal Ash Utilization
(1) Strength Characteristics
Table 3.18 illustrates the changes in strength for waste slurry discharged from a cast-in-place
concrete pile work, mixed with FeA and CAS. In the case of CAS only, the strength required
by the regulatory criteria of the Ministry of Construction can not be achieved in 7 days of curing
even if the CAS content is raised as high as 25%. The strength of the waste slurry reaches 49
kPa, the criteria, when using a 70% FCA-13% CAS mixture cured for only 3 days. For
FCA CASh f th Ia e . trengt so e s Urry- - mIxtures
Additive content Compressive strength (kPa) Volume
(%) change
FCAI CAS 3 days 7 days 14 days 28 days ratio
7 - 65 199 228 1.20
40 10 - 101 356 435 1.22
13 19 142 629 761 1.24
4 - 73 172 219 1.26
50 7 - 112 348 314 1.27
10 15 175 534 665 1.28
13 29 213 931 855 1.31
4 - 123 253 419 1.31
60 7 - 194 411 637 1.32
10 27 282 670 978 1.33
13 40 396 1145 1381 1.34
4 15 215 493 467 1.36
70 7 17 319 720 891 1.37
10 38 435 980 1178 1.38
13 61 579 1260 1711 1.39
10 - 13 15 30 1.02
0 20 - 26 40 74 1.09
25 - 40 67 98 1.10
30 - 133 183 305 1.17
T bl 3 18 S
Note: Waste slurry C; p (density) = 1.04 glcm3 , 1.1 (funnel VISCOSIty) = 51.7 s.
Additive content indicates the mix proportion to 100 % waste slurry.
Volume change ratio indicates the volume of slurry-FCA-CAS mixture after mixing
versus the one of waste slurry only.
"-" indicates that the hardened strength is too low to measure the unconfined compressive
strength.
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embankment or subgrade purposes, it is suggested that the strength after 7 days of curing
should be able to sustain 100-200 kPa of stress, and the required strength can be achieved when
the FCA content and the CAS content are more than 40% and 10%, respectively. A decrease in
the FCA content and/or an increase in the CAS content results in a larger growth in strength
versus aging period. Therefore, it is possible to attain both early and late strength by adjusting
the contents of FCA and CAS.
In this treatment method, the addition of FCA and CAS results in a volume increase of 20-
40%, as shown in Table 3.18. This volume increase is relatively small in comparison to the
additive amount of FCA, giving this method great efficiency in terms of coal ash utilization.
(2) Durability Characteristics
Figure 3.22 shows a comparison of strengths for samples remolded after 3 or 7 days of curing
with undisturbed samples. Due to the increase in density caused by remolding and an
incomplete hardening reaction, the mixtures remolded after 3 days of curing have higher
strength levels during the early stages than the samples cured normally, namely, 100-200 kPa of
strength after 3 days of curing after remolding, and can be considered for utilization as
embankment or subgrade materials. In the soaking tests on samples cured normally for 7 days,
neither a collapse nor a softening of the mixtures occurred. Taking durability into consideration,
therefore, a slurry-FCA-CAS mixture can be used very effectively as ground material through
the process of mixing, hardening, excavating, conveying, and compacting.
(3) Mixing Workability
In using CAS only, it is difficult to obtain homogeneous mixtures due to the high viscosity of








40% FCA- 70% FCA-

















Waste slurry C : p = 1.040 g/cm3; /l = 51.7 s
Fig. 3.22 Strength characteristics of slurry-coal ash-CAS mixtures
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Age Cd)
Waste slurry E : p '" 1.050 g/cmJ ; 11 '" 22.7 s
Fig. 3.23 Strengths of specimens sampled through the tank tests
Full scale tank tests were carried out to investigate the application of this solidification
method in practice. Two tanks, 2.3m x 8. Om in width x 1. 6m in depth were used, and a back
hoe with an exclusive dipper (0.7 m3 volume) adjacent to the tank conducted the mixing work.
As the total volume of the waste slurry discharged from a cast-in-place concrete pile work was
12 m3, it was decided that the additive contents in the tanks were to be 70% (8400 kg) FeA and
7% (840 kg) CAS for one tank, and 77% (9200 kg) FCA and 7.7% (920 kg) CAS for the other
tank. Mter mixing for 40 minutes, the mixtures were kept undisturbed for 24 hours, 3 days,
and 7 days.
The strength levels gained by the mixtures left for 24 hours were strong enough to safely
permit walking on it Figure 3.23 shows the strengths of the specimens sampled at various
points in the tanks. The strength dispersion of the samples is within a small range in spite of the
expected roughness of the mixing work due to the size of the dipper versus the tank. The ratios
of the strengths sampled in the tanks versus the strengths obtained from the laboratory
specimens are very high compared with the ratios for traditional soil stabilization. The strengths
at 3 days and 7 days of curing were more than 100 kPa and 500 kPa, respectively. The mixtures
have the potential for utilization as embankment and subgrade materials.
(4) Application of Solidification Method
The proposed solidification method cannot satisfy decreases in volume. In order to treat waste
slurry with high density or high viscosity, however, coal-ash utilization leads to efficient and
rapid treattDent and is desirable from the viewpoint of recycling resources.
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3.5 Conclusions
In this chapter, we discussed the stabilization of waste or surplus sludge discharged from
construction works. Strength development characteristics with regard to hardening mechanisms
and durability against drying-wetting were presented. The main results obtained can be
summarized as follows:
(1) Through an evaluation of the hardening effects of cement and/or cement group materials,
sludge with a high water content can be stabilized by hardening agents (about 200 kg/m3 of
additive content) so that the stabilized sludge can be utilized as an earthen material, such as
subgrade or an embankment The hardening mechanisms of sludge stabilization were
distinctive, namely, calcium aluminate carbonated hydrate (7CaO . 2~03 . CaC03 .
24H20) was detected and is considered to contribute to strength development The strength
development characteristics are reflective of the type of stabilizer employed. Therefore,
these effects have to be taken into account when sludge is solidified for utilization
purposes.
(2) With regard to the drying-wetting conditions, the strain accumulation due to dry shrinkage
and the disappearance of reactive products have an influence on the durability. These
effects are strongly reflected by the developed strength as well as the soil properties, water
content, and type of hardening agent. It was also clarified that the drying method which
uses a vacuum desiccator can be effectively applied for the drying-wetting durability
assessment.
(3) A system utilizing waste slurry which consists of dehydration or solidification was
proposed. It was found that the density (p) and the funnel viscosity (Il) of the was te slurry
can be used effectively as the indexes with which to judge the criteria of whether a slurry
should best be treated by dehydration or by solidification for recycling purposes.
(4) CAS as a floeculant in the utilization system can form large and durable floes rapidly. The
floes can be easily dehydrated and the discharged water is clear enough to satisfy
environmental quality standards. Furthermore, a combination of CAS and FCA with the
operation of a high pressure dehydrator can produce cakes which can then be directly
utilized as embankment or subgrade materials.
(5) The solidification method using mixtures with FCA and CAS is very effective for treating
high density or high viscosity waste slurry. Waste slurry which is mixed well with
stabilizers is highly homogeneous and reasonably strong. It also has high durability under
soaking or remolding conditions, so it can be used effectively as an embankment or
subgrade material.
The utilization system is practicable in terms of the complete utilization of waste slurry as a
construction material.
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CHAPTER 4




Many efforts have been made in the research and development of waste utilization in the field of
geotechnical engineering, although there are still many obstacles. New strategies for
supplemental or advantageous management are required, therefore, in order to promote
geotechnical waste utilization. Of the new strategies, some technical methods, such as liquefied
soil stabilization, light weight soil stabilization, and geotextile tube dehydration, have been
proposed to allow for the utilization of surplus soil, waste sludge and slurry, and other similar
materials in Japan, as stated in Section 3.2. The "Liquefied soil stabilization method," in which
soil mixtures are blended with a stabilizer and a large amount of water, has flowability and
hardening characteristics, and is available for filling in underground pipe constructions or
backfill retaining walls (Kuno et al. 1992). The "Light weight soil stabilization method," in
which surplus soils are mixed with lightweight materials, such as EPS or foamed cement, is
expected to be applied as embankment and backfIll materials (Pradhan et al. 1995). The
"Geotextile tube dehydration method," in which dredged sludge is dehydrated by being poured
into a geotextile tube and aged, is ·proposed for application to river embankments (Miki et al.
1992).
In this chapter, a new technical method referred to as the "Bagged WRP Method" which
utilizes a by-product, waste rock powder (WRP), will be proposed from the aspect of waste
utilization as well as environmental mitigation. In the method, woven and/or non-woven fabric
bags filled with a dry mixture of WRP and hardening agents are solidified by soaking. If the
bagged and solidified WRP can be placed on the seafloor and function as a sunken levee, the
method will not only allow for geotechnical waste utilization, but also for environmental
creation due to the construction of man-made tidal flats behind the sunken levee, as shown in
Fig. 4.1.
97








Fig. 4.1 Application of the Bagged WRP Method to tidal flat construction
In the following sections of this chapter, the effectiveness and the applicability of the
"Bagged WRP Method" are discussed using results from both experimental studies and the
analytical approach. Prior to a presentation on the applicability of the method, the present
conditions of the generation and management of WRP will be reviewed, and coastal
development and environmental mitigation will be addressed in Section 4.2. In Section 4.3, the
fundamental properties of WRP solidified by a newly developed hardening agent, one kind of
Carbonated Aluminate Salt (CAS), is introduced and the applicability of the stabilized WRP to
geotechnical purposes is mentioned. Engineering characteristics and the environmental impact of
bagged WRP will be discussed through laboratory studies as well as field tests. A parametric
analysis of the stability of a sunken levee and the seafloor is conducted in order to detennine the
applicability of the "Bagged WRP Method." to coastal development and mitigation.
4.2 Background
4.2.1 Generation of Waste Rock Powder
Waste rock powder (WRP), also called quarry dust, is one kind of by-product discharged from
rock crusher plants. Due to environmental constraints placed on the use of natural gravel for the
construction industry, alternative sources or methods are required to fulfill the role played by
natural gravel. One alternative source is the rubble produced in crusher plants nationwide. Japan
produces approximately 500 Tg of rubble and 10 Tg of WRP as by-products annually.
Although WRP is non-hazardous in nature, it is considered an "industrial waste" under the
Japanese legal system. Therefore, its utilization has been limited to filling material for exhausted
diggings of the mother rock of rubble or it is simply disposed of. Taking into account the
scarcity of disposal sites, a suitable method for solidifying and utilizing this WRP in large
quantities is needed.
WRP is a powder, similar in condition to slag and fly ash. However, WRP is not a
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pozrolanic material which leads to a hardening reaction. WRP, surplus soil, and discharged
waste slurry all originate from the ground, but WRP is easier to handle because much of the
WRP is in a dry state. The characteristics of WRP depend on the mother rock; the WRP of
limestone is used as a raw material for cement due to its chemical composition, while the silty
WRP of sandstone is reused as a filling material in exhausted diggings. The WRP of sandstone,
with a large specific surface area and a great amount of amorphous materials, increases the
effect of lime stabilization in soils in which a low proportion of fme particles or amorphous
materials is present (Nishida et aI. 1992).
4.2.2 Coastal Development and Environmental Mitigation
Many projects for infrastructures have been completed, are on going, or are being planned for
coastal areas of Japan. Recently, the topic of environmental preservation has been raised
because of these coastal developments. It is necessary, therefore, to minimize environmental
damage and achieve sustainable development, and thus, the concept on Environmental
Mitigation has been addressed. For example, landmarks created by a mountain of waste
materials was proposed from the standpoint of waste landfills and the creation of a new
environment (Committee on the Waterfront Development by LANDFILL 1995).
In the last decade, about 40% of tidal flat areas in Japan have disappeared due to
reclamation or dredging works. Thus, the construction of man-made tidal flats is also an
important option for environmental mitigation in coastal areas. The man-made tidal flats will
become a substitute for those which will be destroyed by reclamation or dredging works. Tidal
flats preserve ecosystems and add to the purification of the sea environment, fish production,
resort spots, and other waste reclamation areas, as stated by Fukuda et al. (1992). Waste
materials can be applied to reclamation projects fIlling to construct the tidal flats, as proposed by
Harnasuna (1992). Sunken-levee construction is essential for retaining soil materials in tidal
flats. The Bagged WRP Method represents a useful new strategy for both waste management
and environmental mitigation (Kaman and Katsumi 1994 and 1995).
4.3 Engineering Properties of Bagged WRP
4.3.1 Properties of the Materials
(1) WRP
The characteristics of WRP depend on the type of machinery used for crushing and collecting as
well as the properties of the mother stone. WRP is generated from the crusher for rock crush
and sand production in both dry and wet conditions.
The WRP used in this study is a by-product generated through rock crushed under dry
conditions. Its properties are shown in Table 4.1. The mother stone is liparite, and the main
minerals investigated through X-ray diffraction analyses are quartz, feldspar, and arnesite. The
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Fig. 4.2 Permeability of WRP and WRP-CAS mixtures
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WRP is composed of particles equivalent to the size of silt grains, and judging from the
unifonnity coefficient and coefficient of curvature, the WRP is poor in particle size distribution.
Moreover, the optimum moisture content is near the liquid limit Since the WRP is very difficult
to manage by means of compaction, therefore, the noncompacted method is recommended for
WRP solidification. As the permeability of WRP is in the range of 10'3 to 10-s cm/s, as shown
in Fig. 4.2, WRP is considered to be a permeable material and the noncompacted method can
promote its utilization as a well-drained material if the stabilized mixture is as permeable as
untreated WRP.
(2) CAS
One kind of CAS is used as a hardening agent. It has previously been shown that CAS is
effective as a hardening material for soft clays or waste materials, as stated in Chapters 2 and 3.
The CAS used in this study has the composition of Ordinary Portland Cement (OPC) :
Ca(OH)z : A!z(S04)3 ::: 5 : 2 : 3 (dry weight basis). The hydrated reaction of it leads to the
immediate formation of ettringite (3CaO' Alz03 . 3CaS04 . 32HzO), and the hardening and
expansion of CAS occur right after watering.
4.3.2 Basic Characteristics of WRP-CAS Mixtures
(1) Expansion Characteristics
CAS, used as a hardening material in this study, leads to the rapid formation of ettringite and
other hydrates, and consequently, not only hardens but also expands with watering. Mehta
(1976) clarified the expansive mechanisms of cement concrete associated with the formation of
ettringite. Therefore, it is important to investigate the expansion characteristics of WRP-CAS
mixtures. Figure 4.3 illustrates expansive pressure versus watering time ratios of the mixtures.
In this experiment, the consolidation mold (6 cm in diameter and 2 cm in height) was filled with
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Fig. 4.3 Expansive pressure of WRP-CAS in watering
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continuously measured. It is thought that the expansive pressure depends on the CAS content
and the dry density of the mixture. In this case, the two mixtures have similar dry densities,
1. 15 g/cm3 and 1. 18 g/cm3• The expansive pressure-time curves for the two mixtures both have
one peak. and show a similar trend. When WRP:CAS =: 10;2, the expansive pressure maximum
is only about 8 kPa per day, while the WRP:CAS =: 7:3 mixture has a maximum expansive
pressure of 70 kPa after 4 days of curing.
The expansive characteristics of the stabilized mixture have some advantages, namely, the
mixture can be stabilized at a low density and shrinkage is avoided when it is used as a filling
material. To prevent harm to the surrounding structure, if the mixture is applied to earthen
materials, it is possible and necessary to control expansion by adjusting the CAS content and
density.
(2) Strength and Density Characteristics
Specimens for unconfmed compressive strength tests were basically prepared according to the
Practice for Making and Curing Noncompacted Stabilized Soil Specimens (JOS T 821-1990).
The dry mixture of WRP, which is fmer than 2 mm, and stabilizers, such as CAS and ope,
were poured into a cylindrical mold (10 cm in height and 5 or 5.6 cm in diameter), aiming at a
level of dry density in the range 1. 2-1. 4 g/cm3 • The mold (filled with the mixture) was then
soaked while the exposed upper side of the mold was covered by filter paper for water
transmission and loaded at 10-20 kPa to prevent harmful expansion.
Figure 4.4 shows the strengths of the WRP mixtures which were stabilized by CAS and
OPC and cured for 7 days. There is a clear correlation between the strengths and the densities of
the mixtures. The WRP-OPC mixtures have a higher strength and a greater density than the
WRP-CAS. because these stabilizers have different reaction mechanisms. OPC, when used as a
stabilizer, dissolves by means of watering, and hardens after a minimum of 1 day of curing.
Thus, the mixture shrinks and the density increases to 1. 4-1. 6 g/cm3, higher than the target
density of 1.2-1. 4 g/cm3 • The WRP-CAS mixtures harden rapidly and tend to expand by the
immediate formation of ettringite as soon as the dry mixtures are soaked. As a result, the desired
low densities of 1. 2-1.4 g/cm3 were kept as they were. Observations of the mixtures in early
time frames prove these phenomena. After only 1 hour of watering, the WRP-OPC mixtures
formed a slurry. but the WRP-CAS mixtures had already hardened.
Increases in the CAS content as well as the dry density result in an increase in strength.
The mixtures of WRP:CAS = 7:3 exhibit higher strengths than 1 MPa and can be utilized as
subbase materials. On the other hand, the strengths ofWRP:CAS = 8:2 and WRP:CAS = 10:2
are in the range of 500 kPa to 1 MPa and these mixtures are considered to be available for use as
subgrade or embankment materials.
The relationship between the strength and the curing time of each WRP-CAS mixture is
illustrated in Fig. 4.5. As is the case with general stabilized soil, curing causes an increase in
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Although the WRP-CAS mixtures can not attain a stress of 1 MPa for subbase purposes, the
specimens cured. for 1 day have higher strength values than 100 kPa. Therefore, this
stabilization method makes not only waste treatment possible, but also the utilization of WRP as
an earthen material such as embankments or backfilling.
Figure 4.6 shows the relation between the dry density (Pd) and the water content (w) for
each mixture. The strong correlation between these indexes is independent of the types and
contents of the stabilizers and curing times, and presents the following regressive equation:
Pd = 1.886 - O.0164w (R =0.995) . (Eq.4.1)
It is easy to measure the water content of specimens sampled. at the site, and the unconfmed
compressive strength can be estimated from the mixtures, curing time, and dry density from the
equation based on water content.
(3) Permeability
Specimens for permeability tests were prepared by the same procedure as specimens prepared
for the unconfmed compressive strength tests. Falling head permeability tests were carried out
according to the Test Method for Permeability of Saturated Soils (JGS T 311-1990).
The results of the permeability tests are shown in Fig. 4.2. The WRP-CAS mixtures with a
density of 1. 2-1. 3 g/cm3 exhibit about 10-4 cm/s of permeability; therefore, the mixtures can be
utilized as well-drained materials. Although the permeability depends on the raw materials and
the stabilization method, some general soils stabilized by hardening materials such as cement or
lime exhibit a permeability below 10.(; cmJs and some reach a permeability of 10.8 cmJs for the
cut-off of water. At present, it is said that the development of permeable ground materials for
construction is needed for water circulation from the standpoint of environmental geotechnology.
Due to the high degree of technology, permeable pavement system, group-grained coal ash
utilization, and so on have been developed. as permeable materials. The method proposed in this
study is advantageous in that it realizes the stabilized permeable materials by a simple process. A
combination of the properties of WRP and the reaction mechanisms of CAS leads to the
permeable characteristics of the mixture. In other words, WRP, which itself is permeable, is
immediately hardened by CAS upon watering, and CAS causes the mixture to have a low
density in the early stage due to the expansion characteristics.
Compressive strength tests were carried. out on the specimens after the permeable tests, as
shown in Fig. 4.7. The strengths of the specimens after permeability testing were as high as
those which were not subjected to permeability testing. Therefore, permeability history has little
effect on the properties of the WRP-CAS mixtures. As the permeable period was about 1 hour
in this series of experiments, it is important to evaluate the durability of the WRP mixtures
under more severe conditions, such as cyclic drying-wetting or sulfate attacks, if they are to be
used as construction materials such as roadbase.
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Fig. 4.7 Strengths before and after permeability test
(4) Applicability of WRP·CAS Mixtures
These test results show the effective utilization of WRP-CAS mixtures as construction materials.
A method, in which WRP and CAS are poured into the site and then solidified by watering is a
novel approach to soil stabilization. With the proper selection of strength and density for WRP
and CAS, the mixtures can be utilized for various purposes; mixtures with a high density can be
utilized as subbase course, while those with a low density can be used not only as subgrade and
embankment materials, but also as well-drained materials such as permeable subgrade for roads
and back filling for retaining walls, due to the characteristics of strength, shrinkage and
permeability.
4.3.3 Basic Properties of Bagged WRP through Laboratory StUdies
(1) Experimental Procedure
To evaluate the applicability of the Bagged WRP Method., a series of laboratory experiments
were conducted. Non-Woven Fabric (NWF), 120 em in length and 50 ern in width, was
doubled, and the two layers were stitched together with a sewing machine. The NWF bags, 50
ern x 60 em, were filled with 30 kg of premixed dry WRP-CAS, and the opened side was
stitched so that the mixture could be closed up in the bag. The bags filled with the dry mixture
were then laid flat and soaked in 1 m of either fresh or sea water in a closed cylindrical tank 1.5
m in diameter, as shown in Photo 4.1. Four bags were soaked in sea water, while five bags
were soaked in fresh water. The mixtures were hardened by watering, as shown in Photo 4.2.
They were salvaged and cut into 5 x 5 x 10 ern rectangular parallelepiped samples for
unconfined compressive strength tests. Table 4.2 shows the curing conditions in these
experiments.
(2) Selection of the Fabric for the Bags
The selection of the fabric must be based on the characteristics of NWF, such as ftlterability,
tensile strength, and resistance. Three types of NWF, shown in Table 4.3, were preliminarily
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Photo 4.1 Curing of bagged WRP
(a) Cutting of bagged WRP (b) Cut samples





conditions of the Ba ed WRP Method
WRP:CAS =7:3, 8:2
fresh water(tap water), sea water(arrificial)
14 - 20°C
Table 4 3 Characteristics of non-woven fabric
Tvpe SP VN-160 VN-300
Mass (g/m2) 80.0 160.0 300.0
Thickness (mm) 0.5 1.5 3.0
Tensile strength (kN/m)
lengthwise 4.0 9.0 19.0
widthwise 3.0 7.0 15.4
Permeability (cm/s) 0.35 0.25 0.15
Open area size (mm) 0.05 0.07 0.05
Applicabilitv unsuitable ul1sui table suitable
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tested. Only one N\VF, however, was selected for the following experiments due to its superior
qualities. When using the geotextile "SP" (span-bond), the inner mixture issued forth from the
open area of the NWF and the curing water became a little muddy. This is a problem when the
method is applied at the field site. Both "YN-160" and "VN-300" functioned effectively as a
separator and a protector, respectively, and the curing water was kept clean. The "VN-I60" bag,
however, was stretched out after carrying the mixture due to the heavy weight "VN-300" was
the most applicable bag because of its filterability and tensile characteristics.
(3) Hardening Characteristics of Bagged WRP
The WRP-CAS mixtures were hardened effectively by the expansion of CAS and the restriction
of the fabric. The mixtures were poured into the fabric bags and became hardened immediately
upon watering; that is, the mixture salvaged after watering for 2-3 minutes behaved as one
hardened block rather than as a flexible clod. Figures 4.8 and 4.9 show the strengths of the
WRP-CAS mixtures sampled from the NWF bags. There is a strong correlation between the dry
density and the compressive strength as well as the samples from the laboratory tests, and the
regression plots are considered to be in the same range as those of the laboratory test samples.
However, the Bagged WRP Method samples have lower strengths and lower densities than the
laboratory samples, because the former mixtures are free to expand as long as the fabric bags
stretch while the later are restricted by the rigid mold. The strengths of WRP:CAS = 8:2
mixtures cured in sea water are much lower (about }OO kPa) than the strengths of any other
mixtures because of the looseness of the filling in the bag. It is important, therefore, that the
CAS expands and the fabric provide resistance to compensate for the incomplete filling. The
other mixtures had a stress of at least 200 kPa and usually had a strength higher than 500 kPa
after 28 days, which exhibits a sufficient hardening effect.
Figure 4.10 illustrates the density and the water content of the mixtures by molding tests
and bagged WRP tests. The regression plot is expressed by
Pd = 1.860 - 0.0163w (R = 0.884) . (Eq.4.2)
This equation is almost the same as that for the molding tests; therefore, the basic
properties of the mixtures by the Bagged WRP Method are similar to the later ones, and an
estimation of strength is possible by the above-mentioned process.
The hardening reaction occurs gradually from the surface to the center of the mixtures
because of water seepage. Figure 4.11 illustrates the relationship between the density and the
water content of the three parts separated in the bag, that is, the upper and the lower parts are
near the fabric and the center part is far from the fabric. The center has a higher dry density than
the upper and the lower parts because the outer mixtures react immediately upon watering,
expand, and compress the inner mixtures. It is thought that a decrease in permeability of the
outer mixture, due to hardening, might prevent the water from reaching the inner mixture. Also
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Fig. 4.8 StrengthS of WRP-CAS mixtures by the Bagged
WRP Method and laboratory tests
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Fig. 4.10 Dry density versus water content of WRP-CAS
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Fig.4.11 Relationship between dry density and water content






















Et:Ettringite and Ca:Calcium Aluminate Hydrate
Fig. 4.12 XRD patterns for WRP-CAS mixtures
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the effect of size must be evaluated to utilize this method at the site. According to the results of
X~ray diffraction analyses on the mixtures (Fig. 4.12), ettringite (3CaO' Al20 3 '3CaS04'32~O)
and calcium aluminate hydrate(4CaO' Alz03' 13H20) are thought to contribute to the strength
development because of the presence of AI and S04 in CAS. These hydrates react with a large
amount of pore water, expand, and harden. The curing conditions and sampling positions
hardly affected the X-ray diffraction patterns.
The mixtures soaked and cured in (artificial) sea water have much lower strengths than
those cured in fresh water, as shown in Figs. 4.8 and 4.9. There are several possible reasons
for this phenomenon. Since these tests were carried out in different seasons, a 2-5"C difference
in curing temperature might lead to the variance in strengths. And of course, the variety of WRP
properties can not be ignored. The main reason for this difference, however, can be the
composition of sea water, namely, 0.2% SO/- of and 1.5% cr which might affect the
hardening reaction, and Mi+ is considered to generate the ion exchange function of Ca2+. The
durability of hardened materials in sea water is also important. It is well known that MgS04 in
sea water can destroy cement bonds and produce such expansive materials as ettringite. The
durability of the hardened materials in sea water, however, is not discussed in detail in this
study, because the main phenomenon, the formation of ettringite, is advantageous to the
development of strength of the WRP stabilization using CAS.
(4) pH Characteristics of Cured Water
It is suspected that a composition of sea water might prevent an increase in pH, and
consequently, inactivate the hardening reaction, as shown in Fig. 4.13 which illustrates the pH
values of curing water. The low pH value is agreeable from an environmental viewpoint The
pH value of sea water in which the WRP-CAS bags were cured is lower than 9.0, satisfying the
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the pH values increased due to curing in spite of the water exchanges.
Figure 4.14 shows the results, for tests in which 1 kg dry mixtures were poured into small
bags and soaked in fresh water or sea water. The cured sea water remained neutral in its pH
value regardless of the ratio of the water and the mixnrre. Cured in fresh water, the pH exhibited
alkaline and was dependent upon the amount of water. If the fresh water was changed. every 3
days, the pH value decreased to a neutra11evel (below 9.0) after about 1 week, as shown in Fig.
4.15. Therefore, the Bagged WRP Method is applicable in open areas but not in closed areas,
even in the case of curing in fresh water.
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4.3.4 Field Test of Bagged WRP Method
(1) Test Description
The field test was conducted to evaluate the applicability of bagged WRP. Two types of fabric
bags made of woven and non-woven fabrics (Table 4.4), with a volume of about 0.7 m3, were
used for the field tes t. WRP and CAS were mixed under dry conditions at a ratio of 8 : 2, and
each fabric bag was filled with 1.0 Mg of the mixture, as shown in Fig. 4.16. The test was
conducted on a sea bed which consisted of sedimented sand and clay soil. The site was the
corner of a quaywall in a harbor area and the bags were set on the sea bed using a track crane
located on land, as described in Figs. 4.17 and 4.18. Photo 4.3 shows the state of the field test.
(2) Hardening Characteristics of Bagged WRP
Thirty-six days after construction, the bags were salvaged and specimens for the strength test
were sampled, as shown in Fig. 4.16, from the mixtures in 8 bags. The weight of the bagged
WRP changed to 1.2-1.3 Mg due to watering.
An unconfmed compressive strength test was performed 45 days after construction. Figure
4.19 shows the strength and density values of the mixtures. Both strength and density showed
Table 4.4 Pro erties of the fabrics of the bags used in the field test
















Fig. 4.16 Description of bag and sample locations
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Fig. 4.18 Description of the field test site
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(a) Mixing of WRP and CAS (b) Bag filled with WRP-CAS mixture
(c) Soaking of bagged WRP (d) Salvaging of bagged WRP cured in the sea
(e) WRP-CAS mixture hardened in the bag





















Fig. 4.19 Strength characteristics of the bagged WRP mixtures
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Wet density (g/cm3)
Fig. 4.20 Wet density of the bagged WRP mixtures
wide variations; strength was in the range of 50-600 kPa and density was between 1. 15-1.45
g/cm3• The strength and density characteristics were influenced not by the disposition of the
bags or the type of fabric used, but were dependent on the position of the sample within the bag.
The mixtures at lower positions in the bag showed higher strengths and densities, probably as a
result of the expansive phenomenon of CAS which advances gradually by watering. The
densities were almost equivalent to those measured in the laboratory using 30 kg of bagged
WRP (1.10-1.45 g/cmJ ) , as stated in Section 4.3.3. The strengths, however, were lower than
those in the laboratory tests (0.2-2.0 MPa). The lowest strength, however, was still above 50
kPa, and even the mixtures located at the center of the bag, exhibited a hardening effect due to
both the hydrating characteristics of CAS and the permeability of WRP.
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Figure 4.20 indicates the distribution of wet density, which was in the range of 1.60-1.80
glcmJ • Assuming that the degree of saturation is 100%, the density of the solid phase is
calculated to be 2.1-2.3 g/cmJ , which is lower than the particle density of WRP (2.65 g/cmJ ).
The hardening and expansive reactions of CAS are considered to form light-weight reactive
products such as ettringite.
Thus, both the light-weight and the strength development characteristics of the bagged
WRP were determined through field scale performances as well as laboratory experiments.
(3) Environmental Impact
Mter setting the fabric bags on the sea bed, fabrics functioned effectively as separators and
protectors, and there was no pollution of the sea water due to the WRP. No remarkable
deformation to either sea bed or bagged WRP occurred.
The water quality was measured at the points illustrated in Figs. 4.18. Change in the pH
value are shown in Fig. 4.21. CAS itself has a high pH level and that of the sea water showed a
gradual but very slight increase from the time the bagged WRP was set It was lower than 9.0,
satisfying the environmental standards set down by law in Japan. These results agree with those
10.0 r--;:::==:!c:=:::::::::!====::!::::::;-----,~-------r-I
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Fig. 4.21 pH changes around bagged WRP levee
Table 4.5 Chan es in water uali lication of the Ba ed WRP Method
Curing day 01) 1 3 7 14 28
Date 6/21 6/22 6/24 6/28 7/5 7/19
Temperature CC) 20.4 20.5 20.8 21.4 23.2 24.4
Salt concentration (%) 3.36 3.35 3.36 3.43 3.34 3.37
pH 7.90 8.04 8.12 8.18 8.27 8.27
Conductivity (mS/em) 51.1 50.9 51.1 52.0 50.6 51.1
Dissolvedox en m 7.00 6.66 7.03 7.29 7.15 6.77
1) Before bagged WRP were set on the sea bed
2) After bagged WRP were set.
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in the laboratory studies stated in Section 4.3.3. It is suspected that the composition of sea water
might prevent the increase in pH by functioning as a buffer. The pH value shown in Fig. 4.21,
and other measured values did not depend on the distance from the bagged WRP.
Table 4.5 lists the changes in measured values for the water quality. The salt concentration
retained the value measured before the bagged WRP was set A rise in water temperature was
observed and was thought to be caused by the normal seasonal weather changes. Neither
dissolved oxygen nor conductivity were influenced by the soaking of the bagged WRP.
In conclusion, no remarkable changes in the quality of the sea water were recognized in
terms of environmental impact.
4.3.5 Material Functions of the Bagged WRP Method
The functions of the materials used, namely, WRP, CAS, and fabric bags, were summarized
through experimental studies and are shown in Fig. 4.22. The permeability of WRP, the
expansion of CAS, the reactive mechanisms of CAS (and WRP), and the function as a separator,
a protector, a filter, and a fluid transmission of the fabric are combined effectively in this
method. Consequently, the bagged WRP exhibits high strength, light weight and a low pH
value for the cured water.
Fab 'c bag
Applicability of Bagged WRP Method
Fig. 4.22 Relationship of material function used in the Bagged WRP Method.
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4.4 Applicability Evaluation of Bagged WRP by an Analytical Approach
4.4.1 Applicability of the Bagged WRP Method
The Bagged WRP Method is applicable to sunken levee materials as a substitute for rubble or
concrete blocks, or for seafloor ground improvement. An application of the Bagged WRP
Method to tidal flat construction was illustrated in Fig. 4.1.
Steps for construction of the man-made tidal flats and related geotechnical problems are
summarized in Fig. 4.23. There are some geotechnical problems in tidal flat construction, the
most important of which can be problems on the ground and levee stability in the sunken-levee
construction. The construction of these man-made tidal flats uses a sunken levee to retain the
soil materials of the tidal flats, and ground improvement work for sunken-levee stability is
necessary because the materials ordinarily used for sunken levee, such as rubble or concrete
blocks, are very heavy (density of about 2.6 g/cm3).
The Bagged WRP Method has some advantages when it is applied to a sunken levee. The
materials made by this method are light weight (density of about 1.5-1.7 g/cm3); therefore, even







Construction of sunken-levee of bagged WRP
I
(Watering of bagged WRP)
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(Consolidation of backfill material)
~
Completion of tidal flat
~ Ground failure caused by the
sunken-levee construction
-<-------- Consolidation and strength
increase of seafloor
-< Ground failure caused by
the backfilling
<-----~-- Consolidation of backfill
Fig. 4.23 Construction steps of sunken-levee of bagged WRP and tidal flats and
associated possible geotechnical problems
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mixtures until they harden, the bags can adhere to each other. Of course, one of the most
attraetive merits is waste utilization as a substitute for natural rubble.
4.4.2 Stability Analysis of Sunken-Levee Construction by Bagged WRP
(1) Conditions of Analysis
The Bagged WRP Method is considered to be advantageous for sunken-levee construction
because the hardened mixtures are much lighter in weight than the materials ordinarily used,
such as ripraps or concrete blocks. A stability analysis of the sunken levee construction was
performed to clarify the applicability and the design concept of bagged WRP under the
conditions of the sea bed.
A conceptual model is described in Fig. 4.24. The gradient and the cohesion of the sea bed,
which is assumed to be a clay soil ground, are parametric. The safety factor (Fs) is calculated by
the following equation according to the circular arc method:
Fs =r £cL I £(W+P)a (Eq.4.3)
where r and L are the radius and the arc length of the circular slip surface (m), respectively, W
is the weight of the sliced ground (N), and a is the arm length of the sliced ground (m). The
mutual friction of bagged WRP is ignored and the load on the sea bed by bagged WRP, P (kPa),
is taken into account. The cohesion of the sea bed. ground, c (kPa), is as follows:
(Eq.4.4)
where Psar and Pw are the bulk density of the ground and of the water, respectively (g/cm3), z is
the depth of the ground, gil is the gravitational acceleration, csurf is the cohesion of the ground
Bagged WRP
z




Table 4.6 Conditions for stability analysis
Sunken-levee
Density of bagged WRP (glcm3 )
Densit of ri ra ( cm3
Sea bed
Density, Tsar (glcm3)
Gradient of the surface (degree)




surface, and the rate of strength increase, k, is assumed to be 0.33. The conditions for the
analysis are shown in Table 4.6.
(2) Results and Discussions
Figure 4.25 shows the safety factors under various gradient and sea bed cohesion conditions.
The representatives of the sliding surface are shown in Fig. 4.26. When the csuif value is very
small, the sliding surface exists in the very shallow ground. This indicates that the presented
failure surface exhibits only the settlement, and consequently, becomes a trigger of the post
failure.
When a safety factor of 1.2 is assumed as the required condition for design, the sea bed
and the bagged WRP are considered to be stable when the cohesion of csuif is higher than 7.5
kPa. Even when csuif is 5 kPa, a safety factor of 1.2 is achieved if the ground gradient is less
than 5 degrees. Using ripraps whose density is 2.6 g/cm3 as the sunken-levee material, the
safety factor is below 1. 0 even when the CSIU! value is 10 kPa. This indicates the need for sea
bed improvement. The Bagged WRP Method is not only effective for sunken-levee construction,
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Fig. 4.26 Sliding surface obtained from the stability analysis
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Fig. 4.26 Sliding surface obtained from the stability analysis
but also extends the applicability of the sunken-levee construction itself.
Sunken levees constructed with bagged WRP are advantageous in that the back area of the
levees will be filled with sedimenting dredged clay materials or can be utilized as a reclamation
area for surplus soil or other by-products. Consequently, tidal flats can be formed, as shown in
Fig. 4.1. In this study, however, the long term stability of sunken-levees and the influence of
the reclamation of dredges, surplus soil, or other materials for tidal flats are not discussed. Only
the short term stability of a sea bed loaded with bagged. WRP is discussed.. The short term
stability can be much more important than the long term stability. And, if it is cleared, the
consolidation behavior of the seafloor ground will lead to strength development and higher
stability. The influence of reclamation is thought to be negligible when compared with the
influence of sunken-levee construction, because the density of reclaimed materials is
comparatively low.
4.5 Conclusions
A new method, called the Bagged WRP Method, is proposed for the potential utilization of
waste rock powder (WRP) as a construction material. WRP is a by-product discharged. from
rock crushing plants, and its application as a construction material is required for use in large
quantities. The Bagged WRP Method, whereby fabric bags are fLlled with a dry WRP-CAS
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mixture and solidified by soaking, depends on the characteristics of the WRP itself, the
hardening materials of the Carbonated-Aluminate Salt (CAS) and the fabric of the bags. The
following conclusions were obtained in this chapter:
(1) WRP-CAS mixtures have a highly solidified strength, low density, and high penneability,
due to the reactive characteristics of CAS and the basic properties of WRP. As far as the
application of WRP-CAS mixtures is concerned, they can be applied not only as subbase
or embankment materials but also as well-drained materials such as penneable subgrade for
roads or back-filling for retaining walls.
(2) The basic properties of bagged WRP-CAS mixtures were evaluated through an
experimental study. The hardening reaction proceeds immediately after soaking and high
strengths are obtained. The relationships between density and strength are similar to those
of the WRP-CAS mixtures which are hardened but not bagged.
(3) Field tests evaluated the applicability of the Bagged WRP Method. The method can be
conducted with traditional equipment The inner mixtures of bagged WRP are both light in
weight and high in strength even when cured in a sea environment which has a
compressive strength of 50-600 kPa and a wet density of 1.6-1.8 gfcm3•
(4) The sea water in which the bagged WRP is soaked exhibits a pH value below 9.0. No
remarkable changes in the sea water quality, from the viewpoint of environment impact
(e.g. in pH), were observed during the execution or curing of the Bagged WRP Method.
(5) The stability analysis clarified that bagged WRP is more advantageous to sunken-levee
construction than rock or concrete blocks because of its light weight, and ground
improvement work of the sea bed is not needed. This means that the Bagged WRP Method
is not only effective for sunken-levee applications, but also can extends the applicability of
levee construction itself to various areas under various conditions.
(6) To minimize environmental damage and attain sustainable development, the construction of
man-made tidal flats is required as a substitute for the tidal flats which will disappear due to
reclamation or dredging works. Sunken-levee construction is required to retain soil
materials in tidal flats. The Bagged WRP Method represents a useful new strategy for both
waste management and environmental mitigation.
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Environmental compatibility has to be taken into account when wastes or by-products are reused
as earthen materials such as embankments or subgrade. One serious case is thought to be caused
by the leachate of hazardous components, such as heavy metals or other toxic chemicals.
Therefore, the leachate mechanisms have been researched in terms of the promotion of waste
utilization in recent years by some researchers (e.g., Bialucha et al1994; Fiillman and Hartlen
1994). Under the present legal system on waste management, the materials which contain these
hazardous chemicals are actually difficult to utilize as construction materials or to put in the
geoenvironment as they are. Environmental influences due to alkaline leachate from stabilizro.
waste also cause severe problems. An alkali migration will increasingly become a much more
serious environmental concern because the alkali exists extensively. At present, some kinds of
waste materials have been recommended for chemical stabilization by cement or lime in order to
improve their properties for utilization purposes, as stated in Chapters 2 and 3. In particular,
surplus soils and waste sludge, which are by-products originating from the ground, are
expected to be used with cement or "lime stabilization in larger quantities.
About 437 million m3 of surplus soil and 15 million tons of waste slurry were generated
from construction works in fiscal 1993, and more than 50% and 92% of them, respectively,
were disposed of in landfIll sites instead of being reused. The recycling of other construction
by-products, such as waste concrete and waste concrete-asphalt, increased markedly (48% to
67% and 58% to 78%, respectively, from 1990 to 1993), according to an investigation by the
Minisny of Construction (1995). Therefore, the utilization of surplus soils and waste sludge for
geotechnical purposes is greatly needed. To promote the effective use of surplus soils, their
properties must sometimes be improved by cement and/or lime stabilization. In the ''Technical
Manual for Recycling of Surplus Soil," established by the Ministry of Construction in 1994,
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f '1Table 5.1 Classification 0 surp us SOl
Class Content Use
1st class soil Sand, gravel, and - Back filling for construction work
the corresponding - Back-fill for structure
- Road embankment
- Fill for building lot
2nd class soil Sandy soil, - Back-fill for structure
gravelly soil, and - Road embankment
the corresponding - River dike
- Fill for building lot
3rd class soil Clay soil which can - Back-fill for structure
be executed on, - Road subgrade embankment
and the - River dike
corresponding - Fill for building lot
- Water area reclamation
4th class soil Clay soil, except - Reclamation in coastal area
for 3rd-class soil
Sludge Waste - No use
sludge/slurry
these materials are divided into 5 classes, according to quality, as shown in Table 5.1. Their
utilization purposes are clearly introduced for each class of soil in order to promote recycling.
Soil stabilization methods, such as cement or lime hardening, are also recommended for
recycling purposes.
As materials stabilized by cement or lime exhibit a high pH value, the environmental impact
of alkaline migration must be carefully considered. The mechanisms of alkaline migration and
the methodology of its control in the soil have not been discussed sufficiently from the
standpoint of surplus soil utilization. The Technical Manual for Recycling of Surplus Soil does
not mention these problems clearly and some local governments do not accept the utilization of
such chemically stabilized soils because of their alkaline leachate. At present, concepts for the
assessment and control of environmental influences caused by stabilized soils should be
accomplished for the purpose of geotechnical waste utilization.
The importance of the conduction phenomenon in soils has recently been emphasized (e.g.,
Mitchell 1992). In particular, several researchers such as Shackelford and Daniel (1991) and
Yang et aL (1992) summarized the migration mechanisms of contaminants in soil to prevent
and/or control the contamination of the ground. From the viewpoint of environmental
compatibility in geotechnical waste utilization, the environmental impact of alkaline leachate as
well as harmful substances must be addressed. To encourage the recycling of the by-products of
surplus soils, alkaline leachate migration mechanisms from stabilized soils have been studied
(e. g., Amano et aL 1980; Kitsugi 1989; Mishima et al. 1994) and clayey soil was found to be a
fIltration cover for stabilized soil to minimize alkaline migration by its high alkaline buffer ability
(Miki et aL 1994; Sano et al. 1993). However, clayey soils are not always considered to be
126
Railfal]
t t t t C.L
Surface Water Flow on .. ,·--------i :Cover Soil
Flow the
Fig. 5.1 Water flow around the embankment using stabilized soil
suitable for a cover because it is difficult to construct a compacted layer with clay. Besides,
alkaline migration and its control by stabilized materials is strongly affected not only by the
individual properties of the stabilized layer and the fliter cover, but also by a combination of
these properties. The latter influences have not yet been sufficiently discussed. Figure 5.1
shows a typical cross section of an example of geotechnical waste utilization, an application of
stabilized surplus soil to an embankment.
In this chapter, the methodology to control the environmental impact induced by the
application of cement stabilized soil is discussed. The mechanisms of alkaline leachate from the .
stabilized soil and the neutralization ability of the soil for a cover or ftltration layer will be
discussed, and the design concept for alkaline migration control will be proposed. The
fundamentals of alkaline migration due to chemically stabilized soil are summarized based on the
literature review in Section 5.2. The alkaline migration of stabilized soil and its control by a
fIltration layer will be discussed through the experimental study in Section 5.3. Based on the
test results, in Section 5.4, the minimum thickness for a fIltration layer of a stabilized-soil
embankment was estimated through a parametric analysis for the example shown in Fig. 5.1.
5.2 Background
5.2.1 Calcium Alkali-Soil Interaction
Leachate ions existing in soil-water systems have a tendency to be adsorbed on the surface of
clay particles due to electric gravitation. The gravitational strength depends on the species of ion.
Multiply charged ions have a larger gravitational strength and the order is as follows;
(Eq.5.1)
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Typical ions in untreated and stabilized soils are Na+ and Ca2+. The order of gravitational
strength means that calcium alkali has different characteristics from sodium alkaline. Sodium
hydroxide (NaOH) that exists on the particle surface is easier to separate from the soil particles
by the ion exchange of multiply charged. positive ions which have a larger gravitational strength.
As a result, the sodium alkali spreads widely throughout the soil layer. Calcium hydroxide
(CaOH2) adsorbs the surface of clay particles in exchange for other adsorbed ions due to its
high gravitational strength, and therefore, calcium alkali is confIned to a limited area and
spreading is rare. Ordinarily, a ground which requires improvements, such as cement or lime
stabilization, consists of soft clay. The surrounding clay soil can be expected to prevent the
alkali from migrating and spreading.
5.2.2 Carbonation
Carbonation is also a major function of alkali restraint Stabilized soil is carbonated. and
neutralized by being exposed to air. Kitsugi (1989) clarified that free exposure to air leads to the
immediate neutralization of alkali in a cement mortal. Even if the exposure to air can not be
predicted, the function of the HC03- in the groundwater is expected to function as the
neutralization. HC03- in an ordinary river in Japan is measured with 31.0 mg/l. Therefore, a
lime-saturated solution, for example, can be neutralized by a dilution of 50 times.
5.2.3 Case Histories and Vegetation
Some data have been obtained through field performances as well as laboratory experiments
(Kitsugi 1989). According to the pH value measurements carried out 2-3 months after the
column of lime group materials was inserted. into the soft clay ground, only the soil 10-30 em
away from the lime column became alkali and the pH of the soils more than 30 em from the
column fell in the range of the one of the original ground.
Cement, lime or other hardening agents can also be used. for stabilizing sediment or sludge
from the bottom of rivers, harbors, and lakes. Kitsugi (1989) showed that capping the 3-cm
. thick soil on cement-stabilized sediments was a very effective way to prevent alkali migration
leaching from the stabilized soil and the lake water kept neutral. The capping soil can also
contain H2S gas in the bottom layer, but cannot discharge it into the water and consequently, the
water quality is kept pure.
An experimental study about vegetation on stabilized soil has also been carried out by
Sagara et al. (1994). If stabilized soil is smashed and air-dried, vegetation can grow even after
the soil is cured for only a short term, such as 7 days, and its degree is half of the case for
untreated soil.
5.2.4 Alkaline Migration Control by Filtration Layer
If soil stabilization by cement, lime or other similar materials is expected to be applied much
more widely and if the recycling of excavated surplus soils by soil stabilization is increasingly
required, an assessment and the prevention of alkali migration become much more necessary
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Table 5.2 Alkali neutralization abili of soils (Miki et a1. 1994)
T e of soil Alkali neutralization abili (moll)
Kanto loam 1.0-3.0 X 10.1
Kanumatsuchi 2.0 X 10.1
Humic soil 1.0 X 10.3
Peat 0.8-1.0 X 10-1
Clayey soil 6.0-9.0 X 10.4
Pit sand 1.0-4.0 X 10-4
Silty sand 2.0~4.0 X 10.4
River sand 0.5-4.0 X 10'4
Decomposed granite 9.0 X 10'5
Shirasu 2.0-4.0 X 10,5
under various conditions of the ground and design methods. An evaluation of the effect of the
alkaline restraint of soil is needed in order to assess and control the alkali migration in the
ground. Considering the example shown in Fig. 5.1, in which an image of alkali migration for a
case using improvement soil for an embankment is given, the buffer ability of the fIltration and
the cover layer of the untreated soil must be estimated properly as well as the leachate
mechanisms of the stabilized soil.
The ability of the alkaline restraint depends on the type of soil. The ability can be expressed
as an alkaline neutralization ability, examples of which are shown in Table 5.2 (Miki et al.
1994). The alkaline neutralization ability is considered more practical than the cation
exchangeable capacity (CEC), the index ordinarily used, so as to know directly the
neutralization ability of the soil.
An evaluation of the combination of a stabilized soil layer and a soil layer for neutralization
is also important Seepage water from the stabilized soil can not be neutralized sufficiently, if
the filtration layer is high in permeability and low in alkaline neutralization ability (Mishima et a1.
1994, Kaman et al. 1995). It is clarified through an experimental study by Sano et aI. (1993)
that clayey soil set as a fIltration layer around stabilized soil has an effect on the alkaline
migration control due to the high neutralization ability of the soil.
A design concept for alkali migration control using a buffer layer is needed to promote the
utilization of surplus soil by means of chemical stabilization.
5.3 Alkaline Migration from Stabilized Soil and Buffer Ability of Filtration Soil
5.3.1 Materials Used
Alluvial clay obtained from Osaka Basin and decomposed granite soil from Ohtsu were used in
this study. They are typical soils in the western part of Japan. Table 5.3 shows their properties.
The alluvial clay was stabilized, while the decomposed granite was used as a filter layer.
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bT d 'Iftha e ropertles 0 e sta 11ze SOl s
Stabilized soil Stabilized soil
I II
Aging (d) 7 28 7 28
Compressive
strength (MFa) 0.62 1.01 0.032 0.071
Wet density (g/cm3 ) 1.53 1.59 1.27 1.27
Dry density (g/cm3 ) 0.90 0.90 0.41 0.42
pH 12.8 12.2 12.9 12.8
T bl 54 P
It is thought that the buffer ability of a soil depends on the particle size distribution and the
composition of clay minerals. The decomposed granite used as the fIltration soil is not rich in
the clay fraction. Halloysite was detected in an X-ray diffraction analysis as a clay mineral.
Mixing proportions of the stabilized soil were determined according to strength
development and permeability. Two types of stabilized soil were used for the following
experiments: Stabilized Soil I, an alluvial clay with a natural water content (80.4%) hardened by
10% ordinary Ponland cement in dry weight, has high strength and density, while Stabilized
Soil II is a liquefied alluvial clay with low strength and density; a 300% water content mixed
with 100 kg/m3 of cement. Table 5.4 shows their properties.
5.3.2 Alkaline Neutralization by Soil
An alkali seepage test was conducted to confirm the importance of the alkaline neutralization
ability. A column of decomposed granite 15 em thick was set by compaction, in a cylindrical
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PVC mold 20 ern in height and 5.1 ern in diameter, in an optimum water content (18%), and a
sanrrated solution of Ca(OH)z was seeped from the top of the soil. pH yalues were measured
after the seepage of the required amount Figure 5.2 shows the experimental results. The high
alkali territory is limited, but spreads as the alkaline solution seeps. Neutralization does not
occur unifonnly in the soil layer. Only the soils that balance with the quantity of alkali exhibit
high pH values. This means that if the alkaline leachate exceeds the neutralization ability of the
filtration soil layer in the field, high alkaline water will suddenly be discharged outside.
Alkaline neutralization by the decomposed granite soil was measured. The soil was mixed
in various mixing proportions with Ca(OH)2 solutions at various concentration levels, and the
pH of the suspension was measured 2 hours later. The added OH' can be calculated based on
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Fig. 5.2 pH in the compacted decomposed
granite after the alkaline seepage
Fig. 5.3 Alkaline buffer ability of decomposed granite
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the concentration as well as the proportion of the soil and the solution. Figure 5.3 shows the
relationship between the added hydroxide ion (OR) per granite soil in dry weight and the pR
value of the suspension. The curve depends on the initial pH value. That is, the larger quantity
and the lower concentration of the initial solution causes a consequent high pH of the
suspension. The behavior is not incompatible with the adsorption theory. If the initial pR
exceeds 12, the pH of the suspension decreases to slightly lower than the initial pH. An initial
pH lower than 12 leads to a remarkable decrease in the pH of the suspension. About 10-4 moVg
of added OH- may be the dividing line between the behaviors, that will allow for the alkaline
neutralization ability.
Relationships between the added OH' and the neutralized OR" per 1 g of soil are expressed
in a curve in Fig. 5.4. Most of the added OR' can be neutralized if the initial OR' level is lower
than 10.5 moVg. However the neutralization is not effective when an OH' higher than 10-4 moVg
is added, which indicates that neutralization by soil has its limit.
The neutralized OR" can be calculated as the following equation:
C' =(ldpll •U ) - lO(pll',14)) X V I W
where
C' : OR" neutralized (moVg),
pH : initial pH of added solution,
pH': pH of suspension,
V : volume of added solution (1),
W : mass of soil (g) .
(Eq.5.2)
The alkali neutralization ability, C (moVg), is defined as the maximum quantity ofOH' that
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Fig. 5.4 Alkaline neutralization ability of decomposed
granite soil
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can be neutralized by 1 g of soil. The alkali neutralization ability of the soil can be detennined as
9 X 10-5 moVg from the curve in Fig. 5.4. Miki et aI. (1994) also measured the alkaline
neutralization ability of 10 typical soils using the saturated solution of Ca(OH)2' as shown in
Table 5.2. The neutralization ability of decomposed granite is similar in value to the ability
presented here, but is comparatively lower than that of the clayey soils.
5.3.3 Alkaline Migration through Stabilized Soil
(1) Seepage through Stabilized Soil
To express a case in which water can permeate through stabilized soil as well as through the
fIlter layer, seepage tests were carned out on the specimens as shown in Fig. 5.5 (a). A
cylindricaI mold was fIlled with Stabilized Soil II (liquefied stabilized soil) and the decomposed
granite was compacted at the optimum water content Mter aging for 7 days, the composite soil
specimens were subjected to water head. The amount and pH value of the discharged water
were measured continuously during seepage, and the pH distributions in stabilized or untreated
Stabilized Soil
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Fig. 5.7 pH distribution in cover soil after alkaline seepage
layers were also measured after seepage.
As shown in Fig. 5.6, which indicates pH changes in the discharge, water at a pH higher
than 11 was discharged continuously after the seepage exceeded about 32-37 cm3jcm2 • As
shown in Fig. 5.7, the pH in the ftltration layer after seepage was in the range of high alkali,
which indicates that the neutralization ability of decomposed granite soil was almost completely
exhausted. The discharged pH is affected by the water head, as shown in Fig. 5.6, because it
depends on the flow rate. In the case of a lower water head (40 cm), a low pH solution was
discharged for a longer period. Even after the discharged pH became alkali, the pH was below
11, lower than in the case of a higher water head.
Based on the results stated in Section 5.2 that the neutralization ability of decomposed
granite is 9 X 10.5 moVg and the assumption that the pH of water immediately after penneating
through the stabilized soil is 12.6, the seepage volume required for a pH higher than 8.6 can be







100 200 300 400 500 600
Seepage (cm3/cm2)
Fig. 5.8 pH of discharge from the crushed stabilized soil
results of 32-37 em3/cm2 • The reasons for this difference might be that alkaline seepage
penetrates along a certain path in the fIlter layer and consequently only comes in contact with
selected particle surfaces for the neutralization, and that alkali neutralization depends on the
added QH-, rather than the concentration in the soil-water systems, as discussed in Fig. 5.4. The
flow rate may also affect the neutralization phenomenon.
(2) Seepage through the Crushed Stabilized Soil
Similar experiments could not be conducted on Stabilized Soil I because of its low penneability.
However, seepage can permeate through a layer of crushed specimens of Stabilized Soil 1. In
these experiments, the stabilized soil was cut into 4 sections or crushed into pieces 2-5 mm in
diameter. As shown in Fig. 5.8, the discharged water became alkaline after a seepage of 2200
ml, but it exhibited a lower pH than in the case of Stabilized Soil IT, and the pH did not keep its
high value but decreased. One reason is that the seepage water only comes in contact with the
surface of the divided blocks of the stabilized soil, and does not seep into the blocks. And, the
discharge of alkali from the stabilized soil was limited in comparison to the permeable stabilized
soil. Therefore, the penneability of stabilized soil is an important factor for assessing alkaline
migration.
5.3.4 Alkaline Diffusion from Stabilized Soil
(1) Alkaline Diffusion and Buffer in Soil
The alkaline diffusion mechanism is important as well as the neutralization ability of the soiL
The experiment shown in Fig. 5.5 (b) was carried out to assess the alkaline diffusion from the
stabilized soil. The bottom of the mold was filled with Stabilized Soil I, 5 em thick, and
decomposed granite was filled in above it by compaction with the optimum water content.
Distilled water was added after 7 days of curing and left there for 94 days.
As shown in Fig. 5.9, only the soil located 0-3 em above the stabilized soil exhibited a
higher pH than 10, while the pH of the soil located more than 3 em away from the stabilized
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layer just about kept the original pH of the decomposed granite soil. This shows that calcium
alkali cannot diffuse for a long distance and the pH distribution remains balanced. According to
the diffusion coefficient of ions, summarized by Shackelford and Daniel (1991), the diffusion
coefficient of the hydroxide ion is higher (52.8 m2/s) than that of other ions, but the calcium ion,
which is electrically counterbalanced with a hydroxide ion here, has a low diffusion coefficient
(7.92 m2/s).
(2) pH of Water Flow on the Surface of the Stabilized Soil
As discussed in Section 5.3.3, the penneability of the stabilized soil influences the discharge of
the alkali solution. The pH changes in the filtration layer above the stabilized soil with low
penneability were tested with the seepage cell shown in Fig. 5.5 (c). The decomposed granite
was filled 10, 15, and 20 ern thick by compaction on top of 5 ern of Stabilized Soil I in the
Fig. 5.9 pH distribution in the stabilized soil and
the cover soil
136
cylindrical mold. After curing for 28 days, the seepage was poured into a ftlter layer at a point
close to Stabilized Soil I and discharged from the top of the layer due to the water head, as
shown in Fig. 5.5 (c). Therefore, the seepage did not pass through the stabilized soil, but only
came in contact with the surface of the stabilized soil. During seepage, the pH of the discharged
water was measured constantly while the water was sampled from a point 2 em above the
stabilized soil for pH measurements at intervals.
From the results shown in Fig. 5.10, the pH value of the discharge from the top increased
as the seepage proceeded, but remained neutral and could not become alkaline. The pH close to
the stabilized soil (2 ern above) was high at an early stage (about 10) and decreased as the
seepage proceeded. At the stage later than 4000 ml of seepage, the discharge close to the
stabilized soil exhibited a pH similar in value to that discharged from the top of the ftlter. This
tendency indicates that the alkali was distributed, and consequently, diluted unifonnly in the
fIlter layer as the alkali could only be supplied from the surface of the stabilized soil layer.
(3) Tank Test for Alkaline Migration
The tank test was performed to evaluate alkali migration in a two-dimensional flow. A
description of the test can be found in Fig. 5.11. The tank was 20 em in width, 55 cm in height,
250 ern in length, and at an incline of 2 %. Stabilized Soil I was filled in at the bottom, 5 ern
thick, except for 30 cm towards the lower end of the tank. Stabilized Soil I was overlain by a
compacted filter layer (30 cm at Stabilized Soil I and 35 cm at the lower end of the tank). After 7
days of curing, the tank was filled with tap water. Water was drained at the bottom of the lower
side of the tank, point A in Fig. 5.11, for 66 days. The water was also sampled above the
stabilized soil at points B, C, and D in Fig. 5.11, using a pipe which connected the points from
the outside, at 7-day interval for pH measurements. After 66 days, the total water discharge was
14,000 ml, which is the estimated amount of seepage for half a month of annual rainfall. One
third of the total annual rainfall (1760 mm) is considered to be retained in the soil. After the test,
the pH distribution in the soil was measured.
Figure 5.12 exhibits the pH tendency of the discharged water. The pH values were varied,
2% Cline St.abilized Soil (Oay with 10% Cement)
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but were within the range of neutral and weak acid, while alkaline leachate did not exist The
reason for the weak acid in the discharge is that the decomposed granite soil is itself a weak
acid.
Figure 5.13 shows the pH distribution in the soil after seepage. While the stabilized soil
had a pH higher than 11, only the decomposed granite soil 0-1 cm above the stabilized soil was
alkali (pH 10-11 and 7-10 respectively), and the soil more than 2 em above the stabilized soil
maintained the weak acid of decomposed granite soil. From the results of the cover soil, 1 em
above the stabilized soil, the pH decreased as the measurement point approached the drained
side. This is because the dilution occurred due to the chemical diffusion and water flow.
In conclusion, the low permeability of stabilized soil and the surrounding cover layer is
necessary for the control of alkali migration, and the alkaline solution is contained within the
cover soil close to the stabilized soil in spite of its low alkaline neutralization ability.
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5.4 Alkaline Migration Control due to Cement-Stabilized Soil
5.4.1 Description of Parametric Analysis
An analytical study was performed to discuss the design concept for alkaline migration control
based on the test results presented above. In order to apply the stabilized soil to embankments,
the filter layer thickness required for alkaline leachate control was calculated through a
parametric analysis.
The typical cross section of the embankment shown in Fig. 5.1 was simplified to that
shown in Fig. 5.14. As shown in Fig. 5.1, two types of water flow can be considered in the
stabilized embankment The one is the water flow which only passes in the cover layer and does
not seep into the stabilized soil. The other type is the flow which passes through the stabilized
soil and reachs the lower layer. In order to assess the effect of drainage ability of cover soil as
well as the effect of neutralization ability of fIltration layer, seepage quantity into the stabilized
soil is calculated in relation to the permeability and the width of cover soil and stabilized soil, as
shown in Fig. 5.14. As the actual embankment has a inclined slope, the seepage water in the
inclined cover layer seeps into the stabilized soil gradually as it flows down. In this simplified
model shown in Fig. 5.14, the side of embankment is vertical, and it is assumed. that the water
is distributed into the stabilized soil and the cover soil from the beginning of the seepage.
A high alkaline solution will be generated if the seepage passes through the stabilized soil,
and it will be neutralized during passage through the fIlter layer below the stabilized soil. We
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Fig. 5.14 Simplified cross section for parametric analysis of alkaline migration
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the stabilized soil. The criterion is a pH level lower than 8.6, which is the effluent standard in
Japan. The assumptions for the analysis are as follows:
(1) The seepage water flows only vertically.
(2) The hydraulic gradient of the embankment is constantly 1; there is no influence on the
calculated results when the permeability is higher than 10,8 em/so
(3) The alkaline diffusion in the cover soil is. not taken into account to be based on the
experimental results.
(4) Only the soil below the stabilized. soil can neutralize the alkaline, which is indicated as an
alkaline filtration layer in Fig. 5.14.
(5) The amount of seepage into the ground is 1/3 the average annual rainfall in Japan (1760
mm).
(6) Discharged water from the stabilized. soil constantly has a high pH; the pH was given
parametrically.
(7) A simplified model section is two dimensional; the axis direction of the embankment is not
considered.
Seepage quantity, L (mm), is according to;
L =1760/3 X T/(1 +k'/k(H'IH -1)) (Eq.5.3)
where k, k', H, and H' are mentioned in Fig. 5.14 and T is the supposed period (y). HIH' and
klk' are defined as the width ratio and the permeability ratio, respectively.
If the discharge from the stabilized. soil is neutralized by alkaline neutralization ability of
filter layer, Eq. 5.3 should be satisfied.
C > (1ds,U ) _ld8 .6 .14») X VIW (Eq.5.4)
where C (moVg) is the alkaline neutralization ability of the fIltration soil, S and V (1) are the pH
value and the quantity of the discharge for the seepage through the stabilized soil, respectively,
and W (g) is the total mass of the fIltration soil under a dry condition. As W and V can be
expressed by H and L, the thickness of the filtration layer by x (em), and the dry density of the
flltration soil by Pd (g/cm3), Eq. 5.4 can be reduced to
CEq. 5.5)
According to the Eqs. 5.3 and 5.5, the thickness of the fIltration layer required for alkaline
neutralization was calculated by the following equation:
x ~ 1760000013 X(l(f'u - 1(/·6.14)1(1 +k'lk(H'IH-l)) XT/(C . p) .
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(Eq.5.6)
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Fig. 5.15 Required thickness of filteration layer in stabilized
soil embankment
In this study, 5, klk', andHIH' were given parametrically, Pd is 1.73 g/cm3, and Cis 9X
10-5 mol/g, based on the experimental results, or is 3X 10.5 mol/g, considering the difference
between the experiment and the calculation.
5.4.2 Results and Discussions of the Parametric Analysis
Figure 5.15 shows the fJ.Iter layer thickness required for the alkaline neutralization for 1 year of
rainfall. The required thicknes s depends not only on C, but also on HIH' and S. Even under the
severest conditions when 5 = 12, HIH' =0.9, and C = 3 X 10-5 mol/g, the required thickness is
estimated at 3.6 em. As the analytical results are strongly affected by S, the decision of the
initial pH, S, is important for calculating the required thickness. The pH of stabilized soil, 5,
was constant in the present analysis, but it might decrease due to carbonation in the field, as
stated in Section 5.2 (Kitsugi 1989). After obtaining a more precise relationship between the pH
change versus time ratio, we can realize a better estimation. Considering the influences of the
width ratio, HIH', one effective option for alkaline migration control is for more seepage water
to pass through only the cover soil and less through the stabilized soil due to the dimensions of
the embankment.
Figure 5.16 shows the required thickness for 30 years of rainfall when HIH' is 0.9, which
is most probable under actual conditions. The required thickness of the filtration layer is
influenced not only by the neutralization ability of the soil, but also by the penneability ratio.
When the stabilized soil has as high a penneability as the filtration soil (klk' = 1. 0), the filtration
layer must be at least 200 cm thick for alkaline migration control under the severest conditions
(5 = 12.0 and C = 3 X 10.5 mol/g). As the penneability ratio decreased, the required thickness
decreased markedly. Thus, the permeability of soils is very important. Due to the influence of
the permeability ratio, one of the most effective options was confirmed. to be less seepage water
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passing through the stabilized soil. This means that the stabilized layer should be carefully
constructed as a low-permeable layer, when environmental influences must be considered.
The calculated results shown in Figs. 5.15 and 5.16 are based on the supposed case in
which decomposed granite or another similar sandy soil is used as the filtration layer. Figure
5.17 summarizes the required thickness of the filtration layer with respect to the more varying
values of the neutralization ability, considering many kinds of soil for the filtration layer. The
range of the neutralization ability of 5 types of soil obtained by Mild et aI. (1994) are also
presented in Fig. 5.17. From these results, soil which has a high alkaline neutralization ability
should be used as the fIlter soil to effectively control alkali migration. In particular, the
minimum thickness of the fIltration layer was calculated at less than 10 cm in the case of using
50
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clayey soil and Kanto Loam. However, we must take into account other factors besides the
alkaline neutralization ability. When we suppose a natural ground of Kanto Loam as the
fl1tration layer, there are many cases in which the ground has some cracks or pipe-shaped voids.
And, as the seepage water is consequently passing through only selected voids, it might be
impossible to expect the neutralization ability of all particles. In addition, soil that has a high
neutralization ability usually consists of fme grain particles and is difficult to use as a filtration
layer by compaction in the field. The soil should be used as a stabilized soil rather than as a
fl1tration soil. Even if such a soil can be constructed as a fIltration layer, the layer will be low in
permeability and the required thickness of the layer will increase, as previously stated.
Therefore, the permeability and the workability of the soil as well as the alkaline neutralization
ability should be noticed. In the case of using decomposed granite soil, which is widely
distributed in the western part of Japan, it will be reasonably applicable to the fIltration layer in
terms of workability and permeability, because the required thickness was calculated at
approximately 30 cm when the fIlter soil was high enough in permeability in comparison to the
stabilized soil. It should be emphasized that the stabilized layer must be constructed carefully to
become a low-permeable layer in order to control the environmental impact caused by the alkali
migration from the stabilized materials.
5.5 Conclusions
In this chapter, the alkaline migration mechanisms from stabilized soil and the concept of their
control were discussed through experimental and analytical studies. The content presented here
described one of the major problems with the environmental influences caused by the
geotechnical utilization of by-products. Many types of by-products are required for use as
construction materials in large quantities, and one effective option for this might be the use of
cement or lime stabilization. Surplus soil as well as industrial waste are generated in large
quantities, which cause social and environmental problems. Cement or lime stabilization is the
traditional method and it should continue to be utilized in order to prepare these by-products for
recycling. However, for utilization purposes the environmental influences of alkaline leachate
from materials stabilized by cement must be addressed and a control method is needed. In this
chapter, we discussed the effect of a filtration layer around stabilized soil for alkaline migration
control. The main results obtained here can be summarized as follows:
(1) The alkaline neutralization ability of a soil for a filtration layer has its limits. When the
seepage quantity exceeds the criteria, the alkaline solution may leach from the filter soil.
The criteria can be roughly estimated from the alkaline neutralization ability of the soil, and
therefore, a measurement of the alkaline neutralization ability is important for assessing the
alkaline leachate from earthen structures.
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(2) If the stabilized soil has low permeability, seepage water can not penetrate and pass
through the stabilized interior, and thus, there is little possibility of alkali leachate. If the
permeability is high due to low density or the incidence of cracks, seepage water can flow
through the stabilized layer and alkali leachate can occur.
(3) If the seepage water flows only into the cover fJJ.tration layer but does not pass through the
stabilized soil, the alkaline will be little diffused, and consequently, it will be diluted
despite its alkaline neutralization ability. Only the fJJ.tration layer very close to the stabilized
layer will be alkali.
(4) A design concept for alkaline migration control was discussed for its application to
embankments. We must consider not only the neutralization ability of the filtration soil, but
also the permeability of materials and the geometric dimensions of earthen strucmres. One
of the most effective options is to prevent seepage water from passing through the
stabilized layer.
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The author discusses the utilization of waste materials through a geotechnical stabilization
method from the standpoint of environmental geotechnology. To promote geotechnical waste
utilization, the possibility for creating a more positive environment through geotechnical waste
utilization is proposed. A negative environmental impact by the reuse of waste materials and
methods to control it is also presented. The main results are summarized as follows:
In Chapter 1, the objectives and the contents of the thesis were presented and general
information on the background of related fields was addressed.
In Chapter 2, the author discussed the effectiveness of the stabilization and utilization of
ash and slag materials, namely, fluidized bed combustion coal fly ash (FCA), stainless-steel
slag (S-slag), and municipal solid waste incinerated fly ash (MSW fly ash). Due to its lime and
gypsum contents, FCA showed remarkable strength development by compaction with or
without a hardening agent, and thus, may be utilized as an embankment or road subbase
material. The "Non-Dusty Method," which adds waste oil, prevents dust effectively. The
characteristics of the material thus treated, with respect to hardening under soaking conditions,
are applicable to utilization for earthen works. The addition of FCA contributes to the
stabilization and/or solidification of a soft ground with or without Carbonated-Aluminate Salt
(CAS). The field-scale tests showed that general construction concepts and equipment are
available for the proposed method.
S-slag, typical electric reducing slag, was evaluated to establish its potential reuse as a gee-
material in view of physical properties and chemical composition. The use of CAS accelerates
the fonnation of the hydrated by-products of CSH (CaO' Si02 . H20) and CASH (caO' ~03 .
Si02 . H20). These hydrates contribute to the strength development of S-slag mixtures. With the
addition of kaolinite, the specimens showed an improvement in durability. And as a supplement
offme grain materials to S-slag brought about denser mixtures. The durability of hardened S-
slag mixtures depends on their material properties as well as the curing conditions. A drying
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condition with a raised temperature can promote the hardening reaction of stabilized S-slag
mixtures. The Vacuum drying method, proposed in this study, is effective for assessing the
drying-wetting durability of chemically stabilized mixtures because it enables sufficient
dehydration of the specimens while sufficiently maintaining a constant and normal temperature.
In conclusion, S-slag has the potential for use as a subbase course material if it is treated with
CAS and kaolinite.
In terms of the stabilization of municipal solid waste incinerated fly ash (MSW fly ash), the
multiple use of cement and FCA as an MSW fly ash stabilizer can bring about strength
development, high soaking durability, and the containment of heavy metals. The method is
effective for environmentallandfIlling of MSW fly ash. The behavior of soluble salts contained
in the MSW fly ash can greatly influence the strength development, the soaking durability, and
the hardening reaction of the stabilized mixtures.
In Chapter 3, the treatment of sludge discharged from construction works was discussed
for utilization purposes. Through an evaluation of the hardening effect of cement or cement
group materials, sludge with a high water content could be stabilized by hardening agents (with
about a 200 kglm3 additive content) so that the stabilized sludge could be utilized as an earthen
material, such as subgrade or an embankment. The hardening mechanisms of sludge
stabilization are clarified. Calcium aluminate carbonated hydrate (7CaO . 2A403 . Caco3 .
32H20) as well as ettringite (3CaO . Alz03 . 3caS04 . 24H20) were detected and are considered
to promote strength development The strength development characteristics are reflected by the
type of stabilizer. With regard to the drying-wetting conditions, the strain accumulation caused
by dry shrinkage and the disappearance of reactive products have an influence on the durability.
These influences are strongly affected by the developed strength as well as by the soil properties,
water content, and type of hardening agent.
A system which utilizes waste slurry and consists of dehydration or solidification was
proposed. It was found that the density (p) and the funnel viscosity (J..L) of waste slurries can be
used effectively as indexes with which to judge whether a slurry would best be treated. by
dehydration or by solidification for recycling purposes. Carbonated-Aluminate Salt (CAS) as a
floeculant in the utilization system can form large and durable floes rapidly. The floes can easily
be dehydrated and the water which is discharged is clear enough to satisfy environmental quality
standards. The solidification method by means of FCA and CAS is very effective for treating
high density or high viscosity waste slurry. A well-mixed waste slurry with stabilizers is highly
homogeneous, reasonably strong, and durable against soaking or remolding. Therefore, it can
be used effectively as embankment or subgrade material. The utilization system is practicable
from the viewpoint of the complete utilization of waste slurry as a construction material.
In Chapter 4, a new technical method, the "Bagged WRP Method," for utilizing waste roek
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powder (WRP) was proposed. from the standpoint of waste utilization and environmental
mitigation. WRP-CAS mixtures have a highly solidified strength, low density, and high
penneability due to the reactive characteristics of CAS and the basic properties of WRP. As for
the basic properties of the bagged WRP-CAS mixtures, the hardening reaction proceeds
immediately after soaking and high strengths are obtained. The mixtures are both light in weight
and high in strength when cured in sea water or other experimental conditions which provide a
compressive strength of 50-600 kPa and a wet density of 1.6-1.8 g/cm3• The method can be
conducted with traditional equipment No remarkable changes in the quality of the sea water, in
terms of environment impact (e. g., in pH), were observed. during the execution or curing of the
bagged WRP. A stability analysis clarified that bagged WRP is more advantageous to sunken-
levee construction than rock or concrete blocks because it is light in weight and ground
improvement work is not necessary. In conclusion, the Bagged. WRP Method not only has an
effect on the sunken-levee application, but also extends to the applicability of the levee
construction itself. To minimize environmental damage and achieve the concept of sustainable
development, the construction of man-made tidal flats is required as a substitute for those which
will be destroyed by construction works. Sunken-levee construction is needed. in order to retain
the soil materials in the tidal flats. The Bagged WRP Method represents a useful new strategy
for waste management as well as for environmental mitigation.
From Chapter 2 to Chapter 4, the chemical mechanisms of stabilization of waste materials
were discussed. Certain kinds of hydrated by-products, namely, ettringite (3CaO' ~03 .
3CaS04 . 32H20), CSH (CaO' Si02 . H 20), CASH (CaO' ~03 . Si02 . H20), and calcium
aluminate carbonated hydrate (7CaO' 2AI20 3 . CaC03 . 24H20) were detected. through X-ray
diffraction (XRD) analysis and scanning electronic microscope (SEM) observation. These
compounds have been ordinarily detected. in the soil stabilized by cement or lime. Ettringite and
calcium aluminate carbonated. hydrate contributed. effectively to the strength development of
stabilization of the waste sludge with remarkable high water content due to their chemical
composition. Ettringite also had an effect on the applicability of the Bagged WRP Method
because of its expansive and immediate hardening characteristics. The formation of CSH and
CASH secured. the high strength and durability of stabilized FCA and S-slag, while ettringite
was sensitive to drying-wetting conditions. Further research is required in order to evaluate the
compatibility of waste materials and stabilizers in detail, and to predict the stabilization effect.
Chapter 5 dealt with the environmental impact caused by the geotechnical recycling of
surplus soils stabilized by cement The alkaline neutralization ability of a soil for a ftltration
layer has its limits. When the seepage quantity exceeds the criteria, the alkaline solution may
leach from the fIlter soil. The measurement of the alkaline neutralization ability is important to
assessing the alkaline leachate from earthen structures in order to estimate this criteria. If the
seepage water flows only in the cover filtration layer but does not pass through the stabilized
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soil, due to its low permeability, there is little possibility of alkali leachate because the alkaline
will be slightly diffused, and consequently, it will be diluted despite its alkaline neutralization
ability. If the permeability of a stabilized soil is high, due to low density or the incidence of
cracks, seepage water can flow through the stabilized layer and alkali leachate can occur. A
design concept for alkaline migration control was proposed for its application to embankments.
We must consider not only the neutralization ability of the fJ.1tration soil, but also the
permeability of the materials and the geometric dimensions of the earthen structures. One of the
most effective options is not to allow seepage water to pass through the stabilized layer.
Issues on waste management are strongly affected by the future prospects of our society
and its social conditions. In the construction industry, waste management is related to future
trends, such as major projects accompanied by large-scale developments and the use of
underground or offshore spaces, and environmental preservation due to construction works.
Reducing the generation of waste and promoting the reuse and recycling of waste will therefore
be continuously encouraged. The following issues should be addressed in relation to future
trends in geotechnical waste utilization.
(1) To establish the concept of quality control assurance of waste stabilization and utilization.
The waste material is a by-pr<Xiucl, but not a product Therefore, the physical and chemical
properties of the waste materials are widely varied due to the variety of raw material, the variety
of treatment process, and other unexpected factors. In this study, the samples which were
experimentally used for the assessment for stabilization and utilization were the representatives
of the materials. In futhre, we must consider the variety of the properties of waste materials
which will be applied to geo-materials, and must establish the concept of quality control
assurance of stabilization and utilization of waste materials.
(2) To establish soft technology and concepts for promoting geotechnical waste utilization.
Many problems with soft technology and its concepts need to be solved in order to
promote waste recycling, while discussions have mainly been restricted to aspects of hard
technology. The re-arrangement of legislation, the re-estimation of authorized standards, the
application of risk assessment concepts, and environmental ethics can be listed as soft
technology and its concepts.
Present legislation in Japan restricts the utilization of waste. Once a material is regarded as
waste, it must continue to still be referred to as waste even if it has been highly improved for
recycling. Materials should be deemed as waste (or not), on the basis of their composition and
properties and not on their origin. The construction industry should be required to contribute to
the establishment of material standards for waste recycling from the standpoint of being
potential users of waste materials.
To re-estimate authorized standards and design methods will have a strong effect on
elevating waste utilization. At present, authorized standards and methods are only for the use of
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natural resources and not for recyclable materials. Thus, they are sometimes 100 severe for
improved waste materials to clear them. It might be an effective strategy for the standards to be
assigned at several levels depending on the importance of the application.
In order to establish standards at several levels, based on the importance of the application,
the concept of risk assessment will be necessary. We must positively include waste materials in
our environment, and should not avoid or ignore them. To establish moral standards for
environmental geotechnology and to reach a consensus of not only engineers, enterprisers, and
politicians, but also other specialized or non-specialized peoples on promoting geotechnical
waste utilization are strongly encouraged.
(3) To situate the geotechnical waste utilization to attain sustainable development
The discussion should be focused on the issue of "which kind of waste should be used for
which purpose or application?" in order to realize the concept of sustainable development
properly, although it has been clarified that many kinds of waste can be reused for many
geotechnical purposes. Their potential application is limited and cannot accept all types of waste
materials, such as coal ash, molten slag, incinerated ash, surplus soil, and sludge. A strategic
plan that includes distributing waste to the proper application is required. In addition, we must
secure enough potential applications, both old and new. Necessarily, surplus soil and waste
sludge discharged from geotechnical works should be reused in the field of the geotechnical
engineering.
(4) To allow geotechnical engineers to contribute to geo-environmental problems much further.
Rather than geotechnical engineers, it is the environmental engineers, sanitary engineers,
and geologists who have been the main contributors to counteracting geo-environmental
problems, such as geo-environmental contamination and waste management. However
geotechnical engineers should also contribute to solving these problems. This is because many
of the people who face geo-environmental problems in practice are the geotechnical engineers.
And, geotechnical engineers play an important role in coordinating and arranging projects in the
construction industry. ''Environmental geotechnology" has and will have an important role to
fulfill in contributing to environmental preservation and promoting the concept of sustainable
development.
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